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FOREWORD 

This  document  is  the  final  report  on  Contract  NASS -20629  entitled 

”A  Narrow  Beam,  Broad  Bandwidth  Optical  Conmunications  System." 

(Later  known  as  the  Airborne  Visible  Laser  Optical  Communications,  AVLOC,  ^ 

Program  subsequent  to  contract  Modification  No.  9. ) The  program  is 

sponsored  by  the  George  C.  Marshall  Space  Flight  Center  of  the  National 

Aeronautics  and  Space  Administration,  Huntsville,  Alabama.  The  technical 

representative  for  the  Government  contracting  otficer  is  Dr.  Joseph  L. 

Randall  and  the  cognizant  Government  program  manager  is  Mr.  Wayne 

Wagnon.  'r', 

/ 

This  work  was  performed  by  the  Aerospace/Optical  Division  of 
International  Telephone  and  Telegraph  Corporation,  San  Fernando,  California. 
fThe  Aerospace/Optical  Division  has  more  recently  merged  with  the  ITT 
Gilfillan  Division. ) The  principal  contributers  tu  the  program  were  Mr.  John 
H.  War’d,  program  manager  and  technical  director,  and  Messrs.’ V.  Hammock, 
E,  R,  Marcusen,  J,  R.  Priebe,  J.  J.  Redmann,  R,  R.  Waer,  and  R.  W,  Yancey. 
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1.0  INTRODUCTION 

This  document  constitutes  the  final  report  on  Contract  NAS8-20629. 

The  purpose  oi  this  report  is  to  describe. the  design,  development  and  operation 

/' 

of  airborne  and  ground-based  laser  communications  and  laser  radar  hardware 
in  support  of  the  Airborne  Visible  Laser  Optical  Communications  (AVLOC) 
program  at  NASA  Marshall  Space  Flight  Center.  This -has  been  a highly 
successful  pioneering  program  contributing  much  knowledge  toward  the 
realization  of  operational  laser  communications  systems.  ITTG  is  very 
pleased  to  have  been  associated  with  this  development  and  values  highly  the 
experience  gained. 

The  major  emphasis  on  this  contract  was  to  develop  a highly  flexible 
test  bed  for  the  evaluation  of  laser  communications  systems  techniques  and 
components  in  an  operational  environment.  The  historical  trend  in  communica- 
tions has  been  to  higher  and  higher  frequencies.  Hence,  it  is  not  surprising 
that  engineers  have  sought  to  apply  the  laser  in  communications  systems 
since  it  was  first  introduced  around  1960.  Their  interest  in  this  application 
of  the  laser  stems,  largely,  from  the  promise  of  greater  information 
capacities  and  communication  distances  than  had  been  realized  heretofore. 

The  properties  of  laser  radiation  which  make  these  improvements  possible 
are  its  short  wavelength  and  its  relatively  high  degree  of  coherence,  as 
compared  with  other  sources  of  optical  radiation.  However,  the  real 
advantage  in  communications  at  optical  frequencies  lies  in  the  ability  to  form 
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narrow  beamwidtbs  with  small  "antennas."  For  the  first  time,  a source 
of  optical  radiation  is  available  which  approaches  a carrier  in  spectral  purity 
suggesting  the  use  of  many  of  the  coherent  detection  techniques  that  have  been 
developed  to  a high  degree  of  sophistication  in  the  rf  spectral  region. 
Uhfortunately,  the  performance  of  a coherent  detection  system  at  optical 
frequencies,  particularly  at  the  visible  wavelengths,  is  severely  limited  by 
a tiirbulent  transmission  medium  such  as  the  atmosphere  through  which  any 
ground-based  system  must  operate.  Under  these  conditions,  the  simpler 
photon -counting  receiver  can  still  be  used  to  exploit  many  of  the  laser 
properties  in  communications. 

When  comparisons  between  approaches  are  made,  consideration 
must  be  given  to  the  performance  of  the  overall  communications  system.  A 
comparison  of  laser  efficiency  alone,  for  example,  is, inadequate  for  judging 
the  performance  of  optical  communications  systems.  A photon -counting 
system*is  considerably  simpler  and  less  critical  of  mechanical  alignment  than 
a heterodyne  or  homodyne  system  and  is  potentially  more  reliable.  Further, 
the  use  of  visible  or  near-visible  wavelengths,  which  exhibit  impractically 
small  coherence  apertures  in  a turbulent  medium  are  very  desirable  from 
the  detector  standpoint.  High  detectivity,  large  gain -bandwidth  product 
detectors  are  available  in  this  spectral  region.  Many  of  these  detectors 
can  be  "electronically  gimballed"  to  provide  a large  search/acquisition 
field -view  and  a small,  low-noise  field -of-view  for  tracking  and 
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communicatirg.  The  high  degree  of  background  spatial  filtering  offered 
by  these  devices  when  combined  with  currently  available  narrow  bandpass 
optical  filters,  virtually  eliminates  the  optical  background  problem.  These 
acquisition  and  tracking  techniques  make  the  handling  of  extremely  narrow 
(fracdonal  arc  second)  transmitted  beamwidths  practical. 

The  basic  justification  for  communications  at  optical  frequencies 
lies  either  in  the  need  for  extremely  wide  information  bandwidth  or  in  the 
need  for  the  very  high  "antenna"  gains  available.  The  latter  provides  a 
number  of  useful  advantages  including  extreme  link  privacy  and  efficient 
utilization  of  transmitted  power  for  very  long  range  (inter  planetary) 
communications.  Also,  laser  communications  system  performance  is  most  readily 
and  inexpensively  obtained  through  narrower  beam  handling.  The  basic  laser 
communications  system  elements  are  illustrated  by  the  block  diagram  of 
Figure  1-1.  It  becomes  apparent,  as  a result  of  e;cperience  in  the  design  and 
development  of  systems  of  this  type,  that  the  major  systems  emphasis  should  be 
placed  on  narrow  beam  handling.  Communications  per  se  becomes  almost 
secondary  for  data  rates  up  to  several  hundred  megabits  per  second. 

The  specific  program  objectives  are:  1)  Evaluation  of  optical 
acquisition,  tracking  and  pointing  techniques,  as  well  as  optical  communica- 
tions systems  performance  in  an  aerospace  environment,  and  2)  determine 
turbulence  effects  on  laser  beams  propagating  vertically  through  the 
atmosphere.  To  accomplish  these  objectives,  the  experiment  is  to  establish 
a two-way  laser  Communications  link  between  a high  altitude  aircraft 
(50„  000  to  70,000  foot  altitude)  and  a ground  station.  The  experimental 
system  has  the  capability  of  automatic  acquisition  at  each  terminal  and  auto 
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TECHNOLOGIES  INVOLVED 

• NARROW  BEAM  HANDLING 

• COMMUNICATIONS 


Figure  1-1.  Laser  Information  Transfer  Systems 
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track  and  conttnuous  closed  loop  point  to  »aintaln  comn>unlcations  as  the 
aircraft  "orbits"  the  ground  station.  Figure  i-g  shows 
of  this  configuration.  / 


an  artist  concept 


A comprehensive  experiment  measur 


ements  plan  pursuant  to  these 


technical  objecUves  was  prepared  by  the  technical  staff  of  NASA/MSFC.  The 

objectives  fall  into  three  categories:  1)  To  evaluate  system  techniques  for 

wide  angle  acqulsiticm.  precision  tracking  and  pointing  in  a real  and  dynamic  . 

environment,  and  to  evaluate  quantitatively  the  performance  of  the  direct 

detection  communications  link;  2)  Prove  certain  system  components  as 

related  to  their  suitability  to  the  environment  - particularly  with  respect  to 

narrow  beam  handling,  and  3)  Advance  the  understanding  of  the  effects 

-of  atmospheric  propagation  on  the  performance  of  an  optical  communicaUons 
link. 
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OBJECTIVES 


• EVALUATE  INTEGRATED  OPTICAL 
COMMUNICATION  SYSTEM 
TECHNIQUE 

-✓  ACQUISITION 

V TRACKING 

V POINTING 

V COMMUNICATIONS  - 

• PROVE  COMPONENTS 

• ADVANCE  KNOWLEDGE  IN 
ATMOSPHERIC  OPTICS 

V UP-LINK  ATMOSPHERIC 
PROPAGATION  MEASUREMENT 

/ SIMULTANEOUS  DOWN-LINK 
SCINTILLATION  CORRELATIONS 

V UP-LINK  APERTURE 
AVERAGING  EFFECTS 


Figure  1-2.  Airborne  Visible  Laser  Optical  Communications  (AVLOC)  Experiment 


1. 1 System  Discussion 


In  order  to  place  the  ITTG  effort  in  ':his  program  into  proper  perrpec- 

/ 

tive,  an  overall  AVLOC  program  system  hardware  tree  is  presented  in.tne 
block  diagram  shown  in  Figure  1-3.  This  program  tree  emphasizes  the  ITTG 
items  and  attempts  to  show  their  relation  to  the  other  program  elements. 

These  items  indicated  by  heavy  outlines  will  be  described  in  detail  in 

V 

0 

the  following  report  sections.  Major  contributions  were  made  in  the 
interface  area  as  well  and  will  be  described  where  appropriate  in  the 
hardware  sections.  Further,  ITTG  has  previously  submitted  safety 
plans,  interface  control  documents,  cabling,  operation  and  maintenance 
manuals,  and  operating  plan  inputs  which  will  not  be  repeated  in  this 
report.  It  should  also  be  noted  that  some  system  design  modifications 
and  improvements  have  been  made  by  NASA/MSFC  technical  personnel 
subsequent  to  the  first  flight  test  series  and  will  not  be  reported  herein. 

The  following  sections  will  present  the  design  and  analysis 
for  the  major  deliverable  hardware  items.  The  approach  taken  in 
organizing  this  report  is  to  discuss  each  deliverable  item  firstly  at  a 
top  level  interim  of  the  design  parameters  and  overall  specifications 
and  then  to  break  the  system  down  into  a logical  set  of  subsystems 
either  fuctional  blocks  or  critical  componen:s.  The  system  hardware 
tree  provided  with  each  item  serves  to  interrelate  the  various  .system 
elements.  , . ' 
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ITTG  has  designed  equipment  for  both  the  flight  system  and 
the  ground  system.  The  night  system  iteins  include  the  cube  corner 

/ t 

assemblies,  the  AOCP,  the  Remote  Equipment  Rack  (RER),  and  the 
Ground  Checkout  Equipment  (GCE).  ITT  ground  system  hardware  consists 
of  the  Ground  Based  Acquisition  Aid  (GBAA).  One  of  the  more  difficult 
yet  successful  aspects- of  the  program  was  that  of  interface  between  two 
prime  contractors  having  overlapping  responsibilities  and  complex 

* 

interrelationships.  The  success  of  this  dual  contractor  approach  was  due 
to  the  excellent  personal  relationships  and  Singleness  of  purpose  on  the 
part  of  all  program  personnel  and  to  the  outstanding  .leadership  and 
guidance  offered  by  the  NASA/MSFC  technical  and  management  personnel. 
Cooperation  among  contractor  technical  personnel,  side-by-side  working 
relationships,  and  free  exchange  of  design  data  w’ere  essential  to  the 
success  of  this  difficult  program  arrangement.  ITTG  wishess  to  compli- 

t 

ment  the  CCSD  personnel  for  their  contribution  as  system  integration 
contractor  for  supporting  this  cooperative  attitude.  ^ 
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Field  tests  from  the  ITTG  rooftop  dome  at  San  Fernando,  California, 
to  a movintain  site  5 miles  away  were  conducted,  using  an  8-inch 
aperture  collecting  telescope  at  the  receivf^r  terminal. 

The^sSecond  Interim  Report  (Reference  2),  prepared  by 
John  R.  Priebe,  and  dated  15  September  1969,  covers  the  next  23 
months.  It  describes  improvements  in  the  equipment,  including  the 
additions  of  pulse  shaping  and  thresholding  circuits  in  the  communi- 
cation system,  and  the  provision  for  simultaneously  monitoring  and 
recording  Bit  Error  Rate  (BER),  Photomultiplier  Current,  and  mean 
square  value  of  the  signal  fluctuations.  The  report  also  develops  a 
mathematical  model  for  estimating  performance  of  the  communication 
system  under  ideal  and  noisy  conditions.  The  report  contains  a sum- 
mary of  experimental  data  gathered  under  a variety  of  atmospheric 
conditions,  using  the  nominal  5 mile  range  from  a converted  trailer 
to  the  mobile  unit  atop  a nearby  mountain.  The  addition  of  a 22 -inch 
diameter  telescope  for  the  receiver  (in  place  of  the  8-inch  unit  used 
previously)  permitted  measurement  of  aperture  averaging  effects. 

Because  of  the  in-depth  coverage  of  activities  and  results  pro- 
vided in  the  comprehensive  Interim  Reports,  no  additional  information 
is  presented  in  this  document  on  the  period  from  July,  1966  through 
September,  1969. 
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On  27  October  1969,  ITT  submitted  to  NASA/MSFC  a proposal 
(Reference  3)  entitled.  "Aircraft  Optical  Communications  Package  and 
Optical  Acquisition  Equipment,  " in  response  to  NASA  RFQ  1-0-40-02596, 
ITT  was  selected  by  NASA  to  design  and  build  the  equipment  for  the 
Aircraft  Visible  Laser  Optical  Communications  (AVLOC)  program  as 
a result  of  this  proposal-,  and  the  work  was  performed  under  an-exten- 
sion  of  Contract  NAS8- 20629. 

The  equipment  consisted  of; 

1)  A Ground-Based  Acquisition  Aid  (GBAA),.  which  is  a pulsed 
laser  tracking  radar  used  to  acquire  and  track  the  cooperative  target 
aircraft  carrying  the  aircraft  optical  communication  terminal. 

2)  Precision  optical  retroreflectors,  for  .attachment  to  the 

aircraft. 

• f ' 

3)  An  Aircraft  Optical  Communications  Package  (AOCP),  with 
auxiliary  equipment  located  in  Remote  Equipment  _Racks  (REX).  This 
equipment  included  a TV  Tracker  (provided  by  ITT  on  loan  to  NASA). 

a laser  transceiver,  atmospheric  scintillation  measurement  devices, 
and  various  commendable  functions  for  varying  experiment  parameters. 

4)  Ground  Checkout  Equipment  (GCE),  for  exercising,'  testing, 
aligning,  and  bore  sighting  the  AOCP,  simulating  the  up-link  optical 
communication  system,  and  exercising  the  gimbai  mirror  and  computer 
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provided  by  the  Integrating  Contractor,  Chrysler  Corporation 

Space  Division  (CCSD).  - , ■ 

/ 

This  equipment  is  discussed  in  more  detail  in  subsequent  sections. 
Operation  and  Maintenance  Manuals  (References  4 and  5)  and  engineering 


drawings  have  been  provided  previously. 


A list  of  important  dates  in  the  AVLOC  program  follows: 


6-7  May  1970 
5-6  August  1970 
15  October  1970 
June  1971 


Preliminary  Requirements  Review 
Preliminary  Design  Review 
Critical  Design  Review 
AOCP  and  GCE  shipped  to  NASA/ 


September  1971 
October  1971 


Michoud  Facility 
GBAA  shipped  to  MSFC 
Retroreflectors  shipped,  32  to 
CCSD,  3 to  MSFC 


12  October  1971 


May  1972 


AOCP  and  GCE  shipped  from  Michoud 
to  MSFC  for  further  test  and  evalua- 
tion, and  subsequent  integration  with 
CCSD  equipment. 

AOCP  and  GCE  shipped  to  Kirtland 
AFB,  New  Mexico,  for  integration 
by  General  Dynamics  into  RB-57 
Aircraft,  along  with  CC5d  equipment. 
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l6  August  1972 


August  1972 


GBAA  successfally  acquired  RB-57 

Aircraft,  and  tracked  it  for  about 

/ 

• ■ 

two  hours. 

Integration  and  testing  of  equipment 
in  aircraft  completed,  and  the  air- 
craft transferred  from  the  Air  Force 
to  NASA.  All  equipment  sent  to 
Ellington  AFB,  Texas  (near  Houston). 
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2.  SYSTEM  MATHEMATICAL  MODEL 

In  the  following  paragraphs  a mathematical  model  is  developed  for  use 
in  predicting  potential  performance  of  the  Optical  Communications  System. 
First  discussed  is  the  ideal  system,  one  limited  by  only  the  most  fundamen- 
tal types  of  noise.  This  ideal  model  is  then  modified  to  include  the  most 
common  sources  of  noise,  encountered  in  photon- counting  communications 
systems  operating  in  the  field.  A list  of  symbols  and  abbreviations  used  in 
this  discussion  is  presented  in  Table  2-1. 

2.  1 Performance  of  an  Ideal  System 

An  ideal  optical  communications  system  has  its  performance  limited 
by  design  parameters  (such  as  laser  power,  modulation  index,  collection 
aperture  diameter,  etc.  ) and  the  fundamental  fluctuations  in  the  detected 
signal  due  to  photocurrent  shot  noise.  This  section  is  concerned  with 
introducing  both  these  system  concepts  and  the  analytical  techniques  that 
will  be  expanded  later  to  form  a general  model. 

2,  1.  1 Sensor  Photocurrent  and  Its  Variance.  - It  is  important  to  clarify 
first  the  term  "modulation  index,  " Figure  2-1  depicts  a partially  modu- 
lated binary  pulse  train.  The  peak  amplitude  of  this  train  is  Ap,  and  the 
minimum  amplitude  is  A^^.  The  average  amplitude  is  A =(A  + A )/2, 

assuming  a long  random  and  equally  likely  series  of  binary  pulsesT  The 
modulation  index  M is  defined  as 


A 

M = • P - 1 = 
A 


A - A 
p m 

A + A 
p m 


(2.1) 
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TABLE  2-1,  LIST  OF  SYMBOLS  AND  ABBREVIATIONS 

i 


B£R 

PSR 

D/A 


Ml 


A, A ,A  ,A 
' CO  p s 


Var 


Bit  error  rate 
Pseudo-random 
Digital-to-analog  conversion 
Modulation  index 
Signal  amplitudes 
Statistical  variance 


i-  .1  ,i  Photocurrents  in  electrons  per  second 

Pc  P 

At  Time  interval  in  seconds,  the  inverse  of  the  system  bit 

transmission  rate 


- Set  number  of  photoelectrons  per  bit  interval  use  as  threshold 
* decision  value 


N ,N 
m s 


Number  of  photoelectrons  per  bit  interval  (defined  from  N^) 


k 


Factor  describing  increase  in  current  variance  with  a noisy 
amplification  process 


^•N  iN^  Random  variables  describing  numbers  of  photoelectrons  in  an 

ideal  sj'stem 

P*Q  Tabulated  probability  error  functions  ‘ 

® Random  variable  describing  noise  multiplicative  with 

signal 
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N.N 


P 


Random  variables  describing  numbers 
in  a noisy  communication  system 


of  photoelectrons 


Coefficient  of  variation 


m,  <r  Mean  and  variance  of  a normal  distribution 

P«>bability  density  function 
Line*of 'Sight  zenith  look  angle 
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Pulse 

Amplitude 


Figure  2-1.  Partially  Modulated  Binary  Pulse  Train 

In  terms  of  the  average  amplitude  A,  the  peak  amplitude  can  be  written  as 
A = A (M+  1).  In  a like  manner  the  minimum  amplitude  can  be  written 
as*  A = A ) 1 - M).  The  signal  amplitude  A^  is  defined  as  the  difference 
between  the  maximum  an_d  minimum  amplitudes.  Consequently,  it  follows 
that  As  = Ap  - A^  = 2M  A. 

The  amplitudes  of  Figure  2-1  may  represent  any  of  a number  of  types 
of  information  carriers.  For  instance,  the  peak  amplitude  A^  may  repre- 
sent peak  numbers  of  photons,  photoelectrons,  photocurrent  values,  or 
Other  like  quantities.  In  an  ideal  system,  the  average  photoelectron  current 
is  directly  proportional  to  the  average  radiation  incident  on  the  photosensor. 
Consequently,  in  using  the  system  of  subscripts  introduced  above  with  an 
average  photoelectron  current  (electrons  per  second),  of  i.  the  resultant 
expression  that  represents  a mark  having  been  sent  is  the  term  (1  +M)  i, 
and  likewise,  the  photocurrent  representing  a space  is  (1  - M)  i. 

The  shot  noise  fluctuations  in  a photocurrent  are  well  described  by 
a Poisson  statistical  distribution.  Hence,  the  statistical  variance  of  the 
number  of  photoelectrons  counted  during  a time  interval  At  is  proportional 
to  the  product  of  the  photocurrent,  i , and  the  sample  period.  At.  In 


r Ti-HE 

page  is  •pooh 
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equation  form, 

i = (1  + M)7;  i = (1  - M)T;  and  (2.  2) 

p m' 

var  f i I = k i At. 

( pc  * pc 

The  constant  of  proportionality,  ka  1,  is  used  to  describe  the  noise  effects 
of  amplication,  such  as  dynode  noise  in  a multiplier  phototube, 

2,  1,2  The  Bit  Error  Rate  (BER)  and  Its  Effects.  - The  product  of  the 
sample  period.  At,  and  the  photoelectron  current,  ip^,,  is  the  number,  N,  of 
electrons  counted  during  a sample  interval.  Ihe  decision  as  to  whether  a 
space  or  mark  was  sent  is  made  by  comparing  the  number  of  photoelectrons 
counted  with  some  threshold  value  Nj..  If  the  number  of  electrons  counted  is 
greater  than  Nj.,  it  is  decided  that  a mark  was  sent.  If  the  number  counted 
is  less  than  Nj.,  it  is  decided  that  a space  was  sent.  Because  of  the  variance’ 
in  the  values  of  ip^.,  there  is  some  statistical  probability  that,  although  a 
mark  was  sent,  the  product  ip^  At  in  the  receiver  will  be  less  than  N^. 

Hence,  the  receiver  logic  circuitry  will  make  an  incorrect  decision  in  such 
cases.  The  probability  of  making  an  incorrect  decision  during  a sample 
interval  is  called  the  bit  error  rate  (BER). 

Although  other  factors  such  as  signal-to-noise  ratio  could  be  used,  bit 
error  rate  is  more  indicative  of  the  quality  of  a digitally  coded  communications 
channel.  For  channels  using  non-digital  modulation  s chemes,  it  is  clear  that 
the  lower  the  system's  potential  bit  error  rate,  the  better  the  information 
transmission  (as  measured  by  fidelity,  signal-to-noise  ratio,  or  any  other 
method),  even  though  there  is  no  linear  relationship  between  these  character- 
istics. The  use  of  a system's  potential  bit  error  rate  as  a basis  to  judge  its 
performance  provides  the  advantage  of  easily  considering  the  adverse  effects 
of  many  and  varied  noise  factors  as  a whole.  For  example,  some  criteria 
of  performance  require  that  all  noise  sources,  to  be  combined,  must  have 
similar  frequency  spectra.  These  analytical  techniques  would  have  difficulty 
in  estimating  the  simultaneous  effects  of  signal  current  shot-noise  and 
atmosf)heric  turbulence. 

It  is  of  v'alue  to  compare  the  subjective  quality  of  a closed  circuit  video 
picture  as  a function  of  bit  error  rate  in  the  communications  channel. 

Figure  2-2  shows  the  resultant  degradation  in  received  picutre  quality  as 
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Figure  2-2.  Video  Picture  Quality  with  Measured  Bit  Error 
Rate  for  Polarization  Modulation 
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he  BER  IS  increased  from  lO  to  0.  30.  by  attenuating  the  radiation  of  the 

photos  were  taken  during  a laboratory  test 
of  the  Optical  Communications  System  identical  to  the  AOCP  and  ground 
station  hardware.  - , ^ . 

/ ♦ 

the  Ideal  Single- Channe  1 BF:r.  - In  a single- channel 
photon-counting  type  of  digital  system,  a mark- or  space  decision  is  based  " 
upon  whether  or  not  the  number  of  photoelectrons  counted  in  one  photo-  • 
sensor  during  a oit  interval  is  larger  than  some  threshold  value  N An 
error  occurs  when  either:  (1)  a signal  is  sent  but  not  detected  or  , 'Jz)  when 
the  threshold  value  is  exceeded  during  an  interval  when  no  signal  is  sent. 
errT  raU)  Probability  of  an  error  during  a bit  interval  (the  bit 


BER  - p {signal  sent  } • p {noise  and  signal  <N  > 

t-*  (^*  3a) 

+ P {signal  not  sent}-  p {noise  >NJ. 

Since  in  the  randum  MRZ  coding  considered  here,  the  probability  of  a signal 
eing  sent  during  a sample  bit  interval  is  1/2,  Equation  3.  3a  bec^omes 


BER  - 1/2  p {noise  and  signal  sN^} 
+ 1/2  P { noise  > } . 


(2.  3b) 


with  oJl'Tth^’'‘''^“°K  discussed  here  is  concern, 

the  m e variations  in  the  signal  amplitude  itself.  These  fluctuations  in 

causT^b/th  “^'"odnlated  portions  of  the  collected  laser  beam  are 

orrectlvVolTd""‘  Using  the  above  terminolog 

electrons  fi  r/  "'‘■^ber  of  photo- 

valu  T Pwe  cl  *=  threshold 

® j,N,.  VVe  correctlv  derirffa  fhaf  i t_  . . ' 


value  N ^ cnan  me  threshold 

smaller‘’value  N “oto  S ‘ ^ ^ 

Both  and  N_  are  random  variables  because  of' the 

I ti-?  1 .1-  .. 


e ec  rjX/V-  t^oth  and  are  random  variables  because  of  the 

be  set  at  eho^noise.  Intuitively,  the  threshold  value  N,  rhoul, 

he  set  at  some  number  between  the  average  values  of  N anH  m ^ shoul< 
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Equation  2.  3 can  be  rewritten  to  include  the  variables  N and  N as 

pm 


/ 

BER=-|-  P{N  <Nj}  - I P{N^>Nj}.  (2.4) 


In  terms  of  probability  distributions,  the  components  of  the  last 

P{YN,)=/”‘d.P{Sp=z}.  ^ 

t 


equation  are 
(2.  5a) 

(2.  5b) 


For  large  numbers  of  photoelectrons  N the  shot  noise  (Poisson) 
distributions  are  approximately  normal.  , 

Hence,  keeping  in  mind  that  N (1  + M)At  = i_  and  N (1  - M)At  = i^^, 
we  find  that  the  combination  of  equations  2.2  and  2.  5 results  in 


^ l/z-Nq+M) 

P{N  r*  dz 

*’  V^''  V N k (I  + M) 


(2.6a) 


. 1 / z - N (1  - 
e~  2\^Nk  (1-M)  j 

Vn  k (1  - M) 


dz 


(2.,6b) 
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We  can  use  here  the  tabulated  functions  P and  Q where: 


P(r)  = 


V2 


i-/ 

TT 


03 


dt,  Q (r) 


2 


dt; 


(2.  7). 


80  that  Equation  3.  4 for  the  bit  error  rate  simplifies  to 


BER 


^ 2 - M) 


2 


(2.8) 


In  this  case,  the  bit  error  rate  is  minimized  for  a threshold  value  of 

1 

N,  = N^/n^  [l+2^u(fif)]^N^I(l.M'),  (2.9) 


an  approximation  easily  justified  for  large  values  of  N.  With  this  optimum 
value  of  N^,  the  bit  error  rate  from  Equation  2.  8 is  found  to  be 


BER 


Single 

Channel, 

Optimum 


(2.  10) 


or  approximately 


Equation  2.  10  is  plotted  in  Figure  2-3  for  two  values  of  modulation  index  M. 
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2.  1.4  Computation  of  the  Ideal  Binary  Channel  BER.  - Analysis  of  an 
ideally  balanced  binary  system  is  somewhat  simpler  than  that  of  the  single 
channel,  since  there  is  no  threshold  value  to  be  considered.  In  this 
situation,  the  decision  as  to  whether  a mark  or  space  was  sent  is  based  on 
which  of  two  charnels  has  the  greater  number  of  photoelectrons.  Using 
subscripts  1 and  I for  the  two  channels,  we  can  write  the  expression  for 
the  bit  error  rate,  analogous  to  Equation  2.  4 as 


BER  = ^P{N  <5f  } 

2 ^ Pi  mgJ 


(2.11) 


For  a balanced  symmetrical  system,  the  two  probabilities  are  equivalent, 
and  we  can  write 


BER  = P { N < N } 

Pi  V 


P {N  - N 
Pi 


< 0}. 


(2. 12) 


Written  in  terms  of  conditional  probability  distributions,  the  last  equation 
is  ' 


dy  P { N 


z+y}.P'{f5^  = y}. 


(2.13) 


Approxipiating  the  probabilities  with  normal  distributions,  as  was  done  with 
Equation  2.  6,  the  last  expression  can  be  arranged  in  explicit  form  as 


— 2 — 

1 /z  + y - N n -t  MvV  1 / y - N q - M) 

g 2 (1 + iM)  j g 2^-^kN(l-M) 

\2ir JkN  (1  + M)  ^2ir  /kN  (1  - M) 


2 

- -(2.  14) 
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This  equation,  where  N is  the  product  i At  averaged  on  one  photosensor, 
can  be  integrated  directly  to  obtain  the  simpler  form 

Channel, 

Optimum 

The  last  equation  is  plotted  in  Figure  2-4  for  modulation  indices  rangine 
from  0.  3 to  0.  8.  ‘ 

• • . ‘ * 

■^Pj’^P^rison  of  Ideal  Single  Channel  and  Binary  Channel  Systems.  - 
The  practical  differences  between  a single  channel  system  and  a binary 
channel  system  are  mainly  in  the  added  complexity  involved  in  the  binary 
system's  receiver.  It  is  interesting  to  consider  how  great  an  advantage 
is  gained  from  this  additional  receiver  complexity.  Given  that  the  two  sys- 
tems would  have  the  same  types  of  photosensors,  modulators,  etc.,  we  can 
calculate  the  increase  in  remote  terminal  laser  power'  required  by  a single 
channel  system  to  equal  the  performance  (BER)  of  a binary  channel  system. 
By  comparing  Equetions  2.  10  and  2.  15  we  see  that  the  single  channel 
system's  laser  power  must  be  increased  by  the  factor 


Required  Laser  Power  Increase  = 1 + v/l  - (2.  16) 

For  example,  if  the  modulator  used  were  capable  of  a modulation  index  of 

0.5,  the  required  single  channel  laser  power  increase  would  be  about  87 
percent. 

> Equation  2.  16  implies  that  both  types  of  systems  have  about  the  sam.e 
performance  when  used  at  high  modulation  indices  and  very  low  noise  levels. 

<^-^c^lation  of  Model  System's  Performance  Under  Noise  Conditions 

_ In  the  optical  communications  system  under  study  there  are  seven 

cons^d^.  Try'll  ^^o^^venience  in  analysis,  all  seven  may  be 

mav  not  . n ^ photodetector,  even  though  some  noise  factors 

notLT  ^ processing  train.  Those 

Present  at  the  photodetector  (such  as  noise  in  later 
P tfiers)  can  be  replaced  in  analysis  with  an  equivalent  noise  generator 
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Figure  2-4.  Binary- Channel  BER  in  the  Presence  of  Log-Normal 
Atmospheric  Turbulence  for  k = 1.  6 and  M = 0.  4 
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at  the  pholodetectcr.  The  eight  principal  noise  factors  occurring  in  the 
system  under  study  are  as  £ tjows: 

Laser  Ge_neration  Noise  - a time  varying  factor  multiplying  the 
average  radiative  power  from  the  laser.  These  fluctuations  in 
laser  power  may  be  caused  by  power  supply  r.ipple,  micro- 
phonics,  etc. 

'*•  Mi?°°pheric  Scintillation  Effects  ■ these  act  in  much  the  same 
manner  as  the  Laser  Generation  noise  above,  but  of  course  with 
different  frequency  and  probability  distributions. 

• ^gpal  and  Background  Shot  Noise  - variations  in  the  photo- 
electron current  that  are  proportional  to  the  square  root  of  the 
current. 

d.  Backgroi.nd  Mgdulation  - a factor  usually  encountered  in 
scanning  systems,  in  which  the  background  noise  may  be  much 
greater  than  that  predicted  by  shot  noise  calculations. 

e.  ^,rk  Current  - in  the  system's  photodetector,  normally  of 
concern  only  when  operating  with  infrared  sensitive  sensors 

‘ at  low  signal  levels. 

Noise  - significantly  increases  the  fluctuations  in  photo- 
electron  current  during  the  first  stages  of  amplification.  K an 
electron  multipUer  type  phototube  were  not  used  as  the  photo- 
sensor, the  preamplifier  would  then  be  an  important  source  of 
noise  of  this  type, 

Johnson  cr  Thermal  Noise  - usually  of  concern  only  if  the 
sensor's  load  resistor  preceeds  most  of  the  signal  amplification. 

2.  2.  1 Sensor  Photoc_urrent  and  Its  Variance.  - In  a two  level  digital  signal 

and  factors  discussed  above  can  be  combined  into  multiplicative 

and  additive  contributions  to  the  sensor  photocurrent  i . For  fh/mn 

a're°descr^ib'd^''^"  ^ent,  the  signal  photocurrent  its  variance 

escribed,  as  was  done  with  Eqaation  2.  2,  by  ^ 


f. 


g- 


r = a(l  + M)  r + 2 i ; N = i At 

n p p 


(2.17a) 


= ki  At  = kN 

pc  p p 


2-14 


GILFILLAN  ITT 


For  the  conditions  of  a "space"  being  pent,  the  last  equations  take  the  form 


i = a(l  - M)  i + y)  i ; var  (i  ) = i At  = k N . 
in  ' , ^ n . - pc  ni  m 


(2.  17b) 


In  the  last  equations,  ip^,  is  the  instantaneous  photocurrent  (in  electrons  per 
second)  and  the  term  a is  the  product  of  factors  describing  system  radiom- 
etry,  time  varying  atmospheric  scintillation,  and  laser  generation  noise 
effects.  The  last  term  Si  » represents  the  sum  of  the  dc  noise  currents, 
such  as  background  and  det*ector  dark  current.  In  the  equations  for  the 
photocurrent  variance,  var  (ip^)*  the  coefficient  k describes  multiplicative 
amplifier  or  dyno.de  noise,  and  as  before,.  At  represents  the  time  interval 
over  which  the  photocurrent  is  sampled. 

V , 

2,  2.  2 General  Form  for  the  BER  of  a Noisy  System.  - But  for  an  added 
complexity  in  the  component  Equations  2.  5,  the  derivation  of  the  system 
VER  using  Equations  2.  17  follows  that  of  Equation  2.2.  In  regards  to  the 
previous  ideal  system,  it  was  assumed  that  the  average  signal  irradiance 
on  the  photosensor  was  constant.  Variations  in  the  photoelectron  current 
were  due  to  shot  noise  alone.  However,  in  the  situation  where  the  system 
suffers  from  phenomena  such  as  atmospheric  scintillation  and  its  resultant  . 
time  varying  effects,  the  major  variations  in  the  sensor  photocurrent  can 
be  due  to  similar  variations  in  the  signal  irradiance  on  the  photodector. 

Hence  the  term  P |Np  = zj  in  Equation  2.  5a  must  be  replaced  with  a more 
complex  statistical  expression.  The  term  P | Np  = z | is  the  probability 
that  "z"  photoelectrons  will  be  counted  during  a sample  interval  if  a "mark" 
is  sent,  and  the  long-term  average  number  of  photoelectrons  counted  is 
However,  in  the  presence  of  scintillation  or  fluctuating  laser  power,  7713 
not  constcint  and  must  be  replaced  by  a random  variable  hi.  The  shot  noise 
in  the  photocurrent  still  exists,  but  a parameter  of  its  distribution,  i.  e.  , 
the  population  mean,  is  also  a variable.  For  this  reason  we  have  a con- 
ditional distribution  P | Np  = z;  x This  expression  represents  the  proba- 
bility that  the  number  of  photoelectrons  counted  for  a "mark"  sent  be  z, 
given  tl^at  the  mean  number  N is  x.  It  can  be  seen  that  the  original  expression 
for  P jFIp  = z\  is  replaced  by 


dx  P{Np=  z;x}  . P{N  = x}  . 


(2.  18) 
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As  a consequence,  the  form  of  Equations  2.  5 for  a single  channel  BER  is 
changed  to 


(2.  19a) 

1 


P{N^>Nj}  = /’  dx_^°dz  P{N^  = z;x}.  P {R  = x}  . (2.19b) 


These,  combined  with  Equation  2.4,  describe  the  BER  for  a single  channel 
system  with  additi.ve  and  multiplicative  noise. 


To  describe  the  BER  for  the  binary  channel  system  in  a noisy  environ- 
ment, an  expression  similar  to  Equation  2.  13  can  be  derived.  Hence, 
written  in  terms  of  conditional  probability  distributions, 


BER 


Binary 

Channel 


dzj^dyj^dx  P {Np  = z + y;^  = x}.  P{N^  =y;N  =x}.  P{N  = x}.(2.  20) 


Equations  2.,  19  and  2.20  describe  system  BER  with  statistical  expres- 
sions. In  order  to  obtain,  numerical  values,  these  terms  must  be  replaced 
with  algebraic  expressions.  The  most  important  additional  source  of  noise 
to  be  considered  here  is  that  due  to  atmospheric  scintillation.  It  is  well 
known  that  these  turbulence  induced  statistical  variations  in  beam  trans- 
rnittance  do  not  follow  the  normal  probability  distribution.  For  this 
reason,  the  next  section  digresses  somewhat  to  discuss  the  log-normal 
distribution,  which,  is  more  appropriate  for  use  in  modeling  atmospheric 
effects. 


2*2.3  Log-Normal'  Probability  Distribution.  - The  log-normal  probability 
distribution  is  applied  in  situations  where  a series  of  independent  random 
impulses  c.  have  effects  on  a phenomenon  which  are  dependent  on  the 
instantaneous  state' x,  of  the  phenomenon.  Furthermore,  the  magnitude  of 
the  change  in  state,  of*  the  phenomenon,  x .-x.,  is  proportional  to  the  magni- 
tude of  the  impulse;  c..  and  some  function '^f(x.)  if  the  instantaneous  state. 

J J 


Ulyas'®******" 
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Hera  the  state  x;  of  the  phenomenon  was  produced  by  c._  j.  The  equation 
(or  the  effect  of  c . is  , 


K -X  = c f(x.)  -Ax.  . 
j j 3 J i 


{2.21) 


xn  the  present  ^PPUcation  we  ^ 

LX  ^r:::“o?ieVarnt  power  Its^^^^^  i.  e.  . £(xp  = x^,  and 
‘tL  magXdecf  a number  of  turbulent  impuises  c^.  .As  a consequence  we 
can  rearrange  the  last.equation  to  obtain  the  form 


®i " {(Xj) 


(2.22) 


r--r.r.  of  a large  number  of  impulses,  which  we  assumed  above  to 
belndXndem.^ends  to  have  a normal  ™LlL^ht  e^  . 

Iw  tle'rrsSung  sTat  cLsTby  a ye^  large  number  af  impulses  c.  is 


n n Ax. 

c=g  c =E  ^ 

J=0  ) ]=0  '‘j 


n dx 


(2.Z3) 


C c • IX  limit  has  a logarithmic  relationship  to  the  impulses.  Hence.- 

:t‘hte'r™able “sLncLtion  for  writing  the  relationship 


£n  X = u, 


(3.24) 


1-  ..  fnnrtion  of  the  instantaneous  radiant  flux  transmitted 

ThXgh  theLtrosphere,  and  u is  a normally  distributed  variable  dependent 

on  the  characteristics  of  the  atmospheric  turbulencp. 
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To  relate  the  characteristic  parameters  of  x to  those  of  u,  we  assume  the 
variate  u to  have  a mean  m and  a variance  a^.  The  distribution  function 

of  u is 


rV 

{u.u}=y 


(2.2B) 


2tt  ct' 


The  distribution  function  of  x,  o (*^)»  determined  from  Equation  2.  25, 

since  from  Equation  2.24,  x is  a function  of  the  random  variable  u.  With  - 
the  appropriate  change  of  variables  we  find  that 

/.X  ^ 20^^^ 


P{x<X}=$(X) 


dx  e 


; X > 0 . 


The  mean  or  expected  value  E(x)  of  the  variable  x is  given  by  the  Stieltjes  - 


integral 


E(x)  =j^  xd  $(x)  = exp  m + — | — • 


In  a similar  manner  the  expected  value  of  x can  be  found  to  be 


E(x^)  = exp  [2  m + 2(T^]  • 


The  variance  of  x is  ^ound  from  the  well-known  relationship 


Var  {x}  = E(x  ) - E (x)  = 6 
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which  leads  directly  to 


- JUt  I 


1 ^ YLr...{x} 


E^(x)  J 


where 


(2.  30) 


Var  {x}  = P^  E^(x)  . 


It  is  convenient  to  work  with  the  normalized  variable  x/E(x),  which  also 
has  a log-normal  distribution.  In  terms  of  the  original  parameters  m and 
0 , we  find  that 


* -^)  = - 


<T 

2 


(2.31) 


and 


Varjjtw 


i 


E(x) 


= Var{j^,(x)  I 


(2.32) 


The  ratio  x/E{x)  may  be  considered  here  to  describe  the  instantaneous 
transmittance  of  the  atmosphere  between  the  remote  and  base  terminals 
Averaged  over  a sample  mterval,  the  photocurrent,  i,  and  the  number  of 
photoelectrons  counted,  N,  are  related  to  the  variable  x above 


as 


N 


E(x) 


The  distribution  function  for  N is 

*(x)  = P{N£X}=/* 


dx 

r x-ml 

Lv2<t2  J 

(2.  33) 


(2.34) 
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• Using  Equation  Z.  27  and  the  expression  E(N)  = N,  we  find  that  the  probability 
function  for  N is 


where: 


(2.  35) 


(Z.36) 


2.  2.  4 Atmospheric  Scintillation  Effects  - Typical  V alue s . - The  principal 
signal  fluctuations  encountered  in  a space -to -space  optical  communications 
link  are  those  due  to  the  impressed  modulation  and  fundamental  photocurrent 
sh.-t  noise.  However,  in  a satellite- to-ground  terminal  situation,  atmos- 
pheric scintillation  along  the  space- to- earth  link  is  expected  to  influence 
the  system's  bit  error  rate  to  a great  extent,  dominating  the  simpler  effects 
of  photocurrent  shot  noise. 

Typical  values  for  the  log- amplitude  variance,  C^(0),  for  an  optical 
path  along  the  zenith  angle  ^ are  estimated  to  be  fairly  well  represented  by 
the  equation  (0)  =0.73  (sec  . The  coefficient  0.73  of  course  varies 

from  day  to  day  for  different  locations,  and  for  most  astronomical  observa- 
tions, is  probably  too  large.  The  variance,  Var  |P  [,  of  the  detected  beam's 
radiant  power  P is  related  to  (0)  by  the  equation 

var  {P^}  = P^e[exp{4G^  (0)}  - l]  = P^  , ,2.37, 

where  9 is  a complex  function  of  the  collector  diameter,  optical  wavelength, 
and  log-amplitude  variance.  Values  of  Equation  2.  37  for  collector  diameters 
of  60,  100,  and  150  cm  are  shown  in  Figure  2-5.  It  is  clear  that  the  relative 
fluctuations  represented  by  the  normalized  variance  in  the  collected 
radiant  power  will  affect  both  the  modulated  and  the  unmodulated  portions  of 
the  beam  from  the  satellite  terminal. 


HEPRODUCIBILITY  of  THE- 
ORICUBAi/PAOF  IS  POOR- 
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Figure  2-6  illustrates  the  effect  of  atmospheric  scintillation  on  the 
transmitted  sign.iL  Figure  2-6A  depicts  the  digitally _coded  laser  beam.’ 
with  a modulation  index  of  0.  5 and  average  amplitude  A.  The  relative 
fluctuations  in  the  effective  transmittance  of  the  atmospheric  path  are 
shown  in  Figure  2-6  B.  For  purposes  of  illustration,  these  fluctuations 
are  pictured  as  varying;  at  megahertz  rates,  in  an  actual  system,  these 
atmospheric  scintillations  would  be  concentrated  below  100  hertz  and  wou.d 
vary  extremely  slowly  compared  to  the  data  rate.  Figure  2-6  C illustrates 
the  resultant  signal  amplitude  as  collected  by  the  ground  terminal.  The 
modulation  index  itself  is  unchanged  from  that  of  the  transmitted  beam  in 

Figure  2-6.  ; . ■ 

2,2.  5 Noisy  Single  and  Binary  Channel  BER.  - We  may  use  the  variable^ 

X — a i At  in  Equation  2.  17  to  obtain  the  diffinitions: 


= (1  + M)x  + 2i  At  , 

p n 

= (1  - M)x  + Si  At 

m ■ “ 


(2.  38) 


With  these  substitutions.  Equation  2.  35  can  be  used  to  rewrite  Equations  2.  1 
iii  the  more  general  form: 


(2.39a) 
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Using  the  expressions  of  Equation  2.  7,  we  find  that  the  noisy  single  channel 
BER  is 


BER 


Single 
Channel 


_ 1 r 

2 Jo 


dx  g(x) 


- 

N,  - N ' 

K - K. 

* 

p 

_t 2, 

+ Q 

t m 

1 

Ik9 

l«J  m 

(2.40) 


The  optimum  value  for  the  threshold  setting  can  be  found  by  differentiation 

to  be 


2 ^ Ci 

N,  = 

t m p 


1 + 


k£/ft  (N  /N  ) 
Vp  m 


p m 


or  approximately 


N N • 
t \ m p 


(2.41) 


Hence,  by  substituting  this  value  for  the  threshold  into  Equation  2.40  we 
obtain  the  simpler  form 


BER 


imum,  X” 


Optimum 
Single 
Channel 


dx  g(x)  Q 


\ p \ m 

. VTT  ^ 


(2.42) 
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In  a similar  manner,  the  expression  for  the  balanced  binary  channel 
BER  can  be  written  from  Equation  2.20  in  explicit  form  as 


iLlllzlA 


Balanced 

Binary 

Channel 


I21T  */k  N 


f2ir  V k N, 


This  expression  mr.y  also  be  integrated  to  obtain  tho  simpler  form 


Balanced 

Binary 

Channel 


/*® 


dx  g(x)  Q 


/\  /s 
N - N 


p m' 


Equations  2.42  and  2.44  describe  the  performance  of  single  and  binary 
channel  systems  in  the  presence  of  additive  noise.  Measurements  on  the 
present  optical  communications  system  indicate  that,  in  the  laboratory  and 
field  tests  performed,  background  noise  and  photosensor  dark  current  are 
negligible  i.  e.  , Ei^  « 0.  Representative  values  of  system  BER  for  these 
tests  copditions  are  plotted  in  Figures  2-7  and  2-8  for  a dynode  noise 
factor  of  1.  6. 

2. 3 Data,  Communications  Channel 

Although  many  complex  parameters  affect  the  performance  of  an 
optical  communications  system,  four  factors  are  of  major  concern  in  the 
system's  evaluation.  These  are:  laser  power,  signal  beam  modulation 
index,  atmospheric  scintillation,  and  the  resulting  bit  error  rate. 

Figure  2-9  is  a portion  of  a recording  tape  generated  with  the  engineering 
model  during  a field  experiment.  The  raw  data  shown  here  are  the  bases 
for  calculations  that  lead  to  evaluating  system  performance.  • 

The  two  curves  in  the  upper  portion  of  Figure  2-9  are  measurements 
01  anode  current  of  the  system's  photomultiplier  tube  sensor.  The  straight 
me  at  the  top  of  the  figure  is  the  system's  zero  or  dark  level.  This 
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current  measurement  is  made  with  all  radiation  blocked  from  the  photo- 
sensor, and  is  an  indication  of  the  tube's  dark  current.  The  second  curve 
fi*om  the  top  is  a record  of  the  tube's  output  current  and  shows  the  noisy 
effects  of  atmospheric  scintillation.  This  curve  was  generated  on  the 
Srmile  test  range  at  ITTG,  San  Fernando,  California.  The  normalized 
variance  determined  from  this  data  was  r=0.  31,  the  term  r being  an  exper- 
imental estimate  of  the  parameter  p of  equation  2.  30.  The  laser  beam  was 
heavily  attenuated  with  neutral  density  filters  during  this  test  run,  limiting 
to  44  the  average  number  of  signal  events  per  sample  period. 

The  lowest  curve  of  Figure  2-9  is  a series  of  one  second  timing  marks, 
used  for  setting  the  horizontal  scale.  The  curve  above  these  timing  marks 
indicates  the  instantaneous  system  bit  error  rate,  the  output  of  the  bit  error 
detector.  Under  close  inspection,  it  is  seen  that  error  bursts  occur  as  a 
nonlinear,  almost  threshold  function  of  the  de';ected  signal  current.  With  a 
digital  counter  reading  the  output  of  the  bit  error  detector,  the  bit  error 
rate  for  the  sample  of  Figure  2-9  was  found  to  be  4.  1 x 10"^. 

A 22  inch  telescope  was  successful  in  allowing  experimental  control 
over  the  scintillation  effects  of  atmospheric  turbulence.  The  two  photo- 
graphs of  Figure  2-10  show  the  irradiance  distribution  of  the  down-link 
laser  beam  across  the  full  22  inch  aperture.  These  two  photos  were  taken 
approximately  500  msec  apart  with  the  same  exposure  - 1/1000  second. 

The  differences  in  scintillation  and  the  resultant  variations  in  detected 
radiant  power  are  apparent.  * ^ 

It  was  pointed  out  that  the  system's  bit  error  rate  is  a complex  function 
of  atmoepherib  scintillation  amplitude  r,  the  ratio  of  the  measured  standard 
deviation  to  the  mean  (of  any  linear  function)  of  the  detected  signal  radiation. 
The  factor  r is  useful  in  predicting  system  performance  and,  as  Figure  2-5 
shows,  is  somewhat  under  the  system  designer's  control  in  that  scintillation 
amplitude  is  greatly  affected  by  receiving  aperture  diameter.  The  curve 
of  Figure  2-11  indicates  the  strong  relationship  between  aperture  diameter 
and  a system's  bit  error  rate.  It  should  be  noted  that  this  curve  considers 
the  scintillation  averaging  effects  of  various  aperture  size,  neglecting  the 
greater  radiation  collecting  ability  of  larger  apertures.  The  bit  error  rate 
curve  of  Figure  2-11  would  fall  at  a much  greater  slope  if  a constant  detected 
power  had  not  been  maintained  by  attenuating  the  beam  with  neutral  density 
filters  as  the  aperture  was  increased. 


SIGNAL  HELD 
CONSTANT  WITH 
NEUTRAL  DENSITY 
FILTERS. 

N 500,  Nj  300 

MODULATION 
INDEX  = 0.3 

TEMP:  48®F 

WIND:  5 MPH  FROM  NE 
RELATIVE  HUM.  : 33% 
2000  HRS 


RECEIVING  APERTURE  DIAMETER  (INCHES) 


Bit  Error  Rate  vs  Receiving  Aperture 
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Figure  2-12  s-hows  the  performance  of  the  communications  system  in 
field  tests  under  conditions  of  heavy  turbulence.  For  comparison  the 
theoretically  predicted  performance  for  p = 0..  35  is  represented  as  the  solid 
curve  on  the  right.  Data  runs  with  varying  laser  radiation  intensities  were 
recorded,  and  the  i*esults  are  shown  as  horizontal  bars.  The  term  r is  an 
estimate  of  the  parameter  p,  calculated  from  experiment  data.  Since  r is 
a statistic  of  the  non- stationary  atmosphere,  its  value  is  constantly  changing 
and  the  use  of  the  -'.r  interval  is  appropriate.  The  fit  of  theoretical  pre- 
dictions to  the  tested  performance  of  the  syster*!  is  seen  to  be  quite  close. 

2,4  Radiometric  Analysis 

This  section  presents  a system  performance  analysis  for  the  tracking 
and  communication  functions.  Since  the  end-to-end  link  analysis  involves 
the  ground  terminal  as  well  as  the  AOCP,  certain  assumptions  are  made 
regarding  the  parameter  values  and  specifications  for  the  ground  terminal 
hardware.  The  radiometric  analyses  are  presented  as  uplink  and  downlink. 
The  uplink  analysis  implies  radiometry  from  the  ground  terminal  transmitter 
to  the  AOCP  receiver  and  includes  atmospheric  propagation  considerations. 
The  transmitted  beamwidth  are  assumed  to  be  large  compared  to  the  pointing 
noise,  therefore,  dynamic  pointing  error  effects  are  not  included.  Trans- 
mitted beam  profiles  are  assumed  to  be  gaussian  and  the  performance  is 
evaluated  at  the  beam  half-power  point.  Also,  the  beam  cross  section  is 
assumed  to  be  large  compared  to  the  collection  aperture. 

Derivation  of  the  fine  tracking  noise  equivalent  angle  is  presented  and 
applied  to  determine  the  theoretical  blocking  accuracy.  In  the  communications 
performance  analysis,  the  detection  threshold  is  assumed  to  be  ideal  and  the 
optimized  level  is  defined.  Although  this  hardware  does  not  utilize  an 
adaptive  detection  threshold  circuit,  the  merits  of  such  a circuit  have  been 
analyzed  and  a possible  implementation  for  such  a circuit  is  presented. 

The  analysis  presented  here  was  aided  by  an  IBM  360/65  computer 
available  through  an  APL  telephone  terminal  which  also  plotted  the  results 
given  in  Figures  2-13  through  2-16. 

^ . . 

Figures  2-13,  2-14,  and  2-15  were  given  by  the  algorithm  PDUP  pre- 
sented in  Figure  2-17.  Figure  2-16,  however,  was  generated  by  a program 
SCINT.  The  subroutines  it  calls  are  not  presented  in  this  report  in  the 
interest  of  brevity  and  were  given  to  NASA/MSFC  previously. 
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Figure  2-12.  Comparison  of  Experimental  Data  with 
Log-Normal  Atmospheric  Model  for 
Single  Channel  System 
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2,4.  1 Selection  of  Parameter  Values.  - Although  the  parameters  chosen 
for  the  several  links  are  printed  out  on  the  curves  they  are  presented  in 
Table  2-2  with  some  explanation  where  required. 

TABLE  2-2 

UPLINK  PARAMETERS 


Laser  Max  Power  (Watts) 

0.2 

Laser  Ave  Power  (Watts) 

0.  1 

Transmitter  Transmittance 

■ 0.  01 

Atmospheric  Transmittance 

0.  1 

Range  (Feet) 

84,  853 

2 

Background  Radiance  to/cm  -|j-ster 

0,  0.  014 

Optical  Filter  Width  (microns) 

0*  002 

Receiver  FOV  (arc-secs) 

18.0 

Collector  Diameter  (inches) 

3.71 

Photo- cathode  Sens,  (including  mesh) 
(amps /watt) 

0.025 

Multiplier  Noise  Figure 

1.5 

Receiver  Transmittance  (comm) 

0.182 

Scint  Receiver  Transmittance 

0.  034 

Track  Bandwidth  (hz) 

1,  000.  0 

Comm.  Bandwidth  (hz) 

50,  000.  0 

The  maximum  power  of  0.  2 watts  is  the  ground  station  laser  power 
radiated  in  the  absence  of  modulation,  The  laser  average  power,  P 

has  been  set  at  P-  -/2  for  Figures  2-13,  2-14,  and  2-15. 

1/1 
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Thus,  the  power  radiated  by  the  intensity  modulated  laser  is: 


Pj.  = P(1 +|iCOs  to^t)  = 7’~  (l+^costo  t) 

f 

where 

Pp  = modulated  laser  power 
= modulation  index 
Ojg  = subcarrier  radian  frequency 

The  transmitter  transmittance  of  0.  01  is  a perhaps  conservative 
estimate  of  the  ground  transmitter  transmittance.  The  atmospheric  trans- 
mittance of  0.  1,  however,  is  the  transmittance  of  a very  clear  atmosphere 
for  the  range  of  close  to  85,000  feet  used. 


The  range  used,  ~85  Kft,  is  the  45°  slant  range  to  an  aircraft  60  Kft 
above  the  ground  station. 

•• 

Background  radiances  of  0 and  0.  014  OJ /cm^-p  - ster  bracket  all  the 
backgrounds  to  be  encountered.  The  higher  value  is  that  for  sunlit  clouds. 
‘As  can  be  seen  from  the  curves,  the  sunlit  background  is  used.  The  optical 
filter  of  20  A serves  only  to  limit  the  background  power  to  the  receiver. 

18  arc  seconds  serves  the  same  purpose 
although  It  IS  mor  . intimately  associated  with  design  considerations  of 
aperture  size  in  the  image  dissector  and  the  focal  length  of  the  telescope. 


The  collector  diameter  is  the  effective  unobscured  diameter  of  a 
collector  which  is  3.  88  inches  in  diameter  with  1.  13  inches  of  central 
obscuration. 


The  photocathode  sensitivity  is  taken  from  the  standard  S-20  photo- 
cathode  curve  and  divided  by  2 to  allow  for  losses  in, the  mesh  following  the 
photocathode  in  the  image  dissector.  The  multiplier  noise  figure  of  1.  5 is 
a realistic  value  based  on  experience  which  agrees  with  analyses. 

Ihe  communications  receiver  transmittance  of  0.  182  is  the  result  of 

tTe  the  several  elements  in 

mLltnr  K ° fPt'^s-  The  value  of  0.  034  for  the  scintillation 

effect  obtained  in  the  same  way.  Table  2-3  lists  the  elements  and  the 

effectue  transmittances  used  for  both  paths. 
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Figure  2-13.  Signal-to-Noise  vs  Bf;am  Divergence  for  AVLOC 
Uplink  (MU=0.  1,  0.2.'',  0.5,  0.75) 
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Figure  2-14.  Scintillation  Monitor  Power  vs  Beam  Divergence, 
aiANOE  TYPE-nAu.  AVLOC  U link  Comm. 
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TABLE  2-3 


Afocal  Telescope 
Z Steerer 
Y Steerer 
Beam  Combiner 
Narrow  Band  Filter 
Beam  Splitter 
Lens 

Neutral  Density  Filter 
Mirror 


.Comm.  Receiver  Path 


Scint  Monitor  Path 


0.6'0 

.96 

.96 

.90 
..6  . 
.82 
. 80 
.96 

.97 

0.  182 


0.  60 
.96 
.96 

.90 
.6 
. 14 
. 85 

.97 

0.  034 


The  uplink  tracker  receiver  is,  of  course,  common  with  the  coxnmu- 
nications  receiver  until  the  output  of  the  image  dissector  is  reached  where 
-the  10.7  megahertz  subcarrier  tone  is  separated  from  the  low  frequency 
components  which  really  contain  the  tracking  information. 

The  tracker  scan  generates  a 1 kc  modulation  of  the  I.  D.  output 
current. 

Although  the  tracker  modulation  index  is  self  imposed  by  the  tracker 
and  is  unrelated  tc  the  sub -carrier  modulation  index,  it  will  affect  the 
communications  S/N  ratio.  This  cross -coupling  was  not  done  on  the 
computer  simulation  because  of  the  many  possible  combinations. 

In  fact,  the  S/N  current  ratios  of  the  uplink  corrxnuni cations  channel 
assume  the  tracker  modulation  is  zero.  However,  during  the  track  modula- 
tion the  communications  S/N  will  range  between  the  maximum  given  by 
Figure  2-13  and /T^M^times  that  value.  Thus,  if  the  tracker  iinposes  a 
50  percent  modulation  index  on  the  average  incoming  power,  the  S/N  current 
ratio  of  Figure  2-13  will  vary  at  a 1 kc  rate  from  the  values  given  by  the 
curves  to ^ 1-0.  5 = 0.7  of  those  values. 
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The  "signal  current"  used  for  the  track  channel  is  its  own  modulation 
signal.  The  "signal  current"  used  for  the  communications  receiver  is  the 
10.  7 megahertz  tone  with  a noise  bandwidth  of  50  kc. 


Note  also  that  the  signal  to  noise  ratios  gr'-en  are  defined  as; 


_ rms  signal  current  : 

S/N  = r — 

rms  noise  current 

(These  values  must  be  squared  to  obtain  power  S/N.) 

In  the  case  of  the  scintillation  monitor;  total  power  to  the  photomultiplier 
only  is  plotted  against  the  transmitted  beam  divergence. 

2,4.2  Downlink  Parameters.  - The  downlink  system  maximum  laser  power 
used  in  5 milliwatts.  The  modulation  index  of  0.749  was  calculated  based 
on  supplying  0 to  46  volts  to  the  intensity  modulator  and  using  --actual 
wave  shapes  resulting  when  square  waves  were  applied.  Under  those  con- 
ditions it  was  found  that  the  maximum  transmittance  of  the  modulator  was 
0.  29  and  an  extinction  ratio  of  7 was  achieved. 


The  plot  of  the  downlink  analysis,  although  more  complex  than  was 
done  for  the  uplink,  is  far  more  useful  because  tradeoff  analyses  can  be 
done  with  it. 


The  abscissa  variable  is  actually  the  normalized  power  density  of  the 
signal  at  the  receiver  on  the  ground.  It  has  been  labeled  "zetan"  for 
"normalized  zeta" 


where 


(Pt/Pto)  ('^tAto)  ('^a/^ao) 
(V^o)  {^b/'^bo)  • 


Laser  Power 

Transmitter  Transmittance 
Atmospheric  Transmittance 
Range 

Beam  Divergence  Angle 
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The  ”0"  subscrip-:  represents  the  reference  value  used  for  that  particular 
parameter  - i.  e.  , = 0*  005  watts,  etc. 

, « 

If  all  parameters  are  at  their  reference  values,  ^ = 1.  From  the 

results  of  Figure  2-16  however,  we  note  that  C^=  lO””^  or  even  less  gives 
acceptable  bit  error  rates.  r-  ' 

We  can  therefore  state  that: 


and  a tradeoff  analysis  between  these  parameters,  which  satisfy  the  above 
inequality,  can  be  made. 

For  example,  the  reference  beam  divergence  of  10  microradians 
allows  the  beam  divergence  to  be  increased  to  1000  microradians  as  long 
as  the  other  parameters  are  at  their  refe-rence  values.  Similarly,  if  the 
beaxn  divergence  of  10  microradians  is  used  along  with  the  reference  values 
fbr  the  other  parameters,  the  laser  power  could  be  dropped  four  orders  of 
magnitude  from  its  reference  of  5 milliwatts  without  noticable  system 
performance  degradation.  Alternatively,  the  atmospheric  transmittance 
can  drop  to  0.  00008  from  0.  8 etc. 

The  reference  values  are  chosen  rather  arbitrarily  because  of  the 
above.  It  is  important  to  know  only  what  the  reference  values  are  not 
whether  they  are  accurate  at  the  time.  For  example,  although  the  trans- 
mitter transmittance  was  referenced  at  0.  25,  it  has  since  been  determined 
that  a value  1/2  as  great  is  more  accurate.  Also  the  range  of  52,  800  feet 
IS  inconsistcnr,  for  comparison  with  the  uplink  where  84,  900  feet  was  used 
along  with  an  atmospheric  transmittance  of  0,1  instead  of  0,8  Using  these 
values: 
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we  find  that 


(0 


B 


a 156  microradiar s 


to  get  bit  error  rates  of  the  order  of  10~^  errors/sec  or 


S;  220  microrads 


for  a bit  error  rate  of  10 


-7 


Sec. 


using  0 


The  Slope  of  BER  vs  ; shown  in  Figure  Z'-lhnreans  that  actually 

M » 1 1 ^ . . ^ 


. „n  , ,’N “ ‘-‘u  means  that  actuallj 

j “0  not  allow  for  atmospheric  transmittance 

degrad^ion  unless  t e range  is  reduced. 


To  tradeoff  other  parameters,  it  is  necessary  to  generate  other 
curves  to  be  perfectly  general,  but  the  same  curve  applies  if 


2-44 


K > 


GILFILLAN 


ITT 


where: 


D = collector  aperture  diame.ter 

C / 

/ 

m — receiver  transmittance 

R 

^ = photocathode  sensitivity 
A = optical  filter  width 
fov  = field  of  view  of  receiver 

f 

B_  = bit  rate  ^ 

K,  ' 

K = receiver  noise  figure  ' 

M = modulation  index 

U 

That  is:  If  the  receiver  transmittance  is  reduced  by  50  percen^ 

the  collector  effective  diameter  must  be  increased  by  40  percent  ^^1/2-1  ) 
to  maintain  the  performance  curve  given. 

Figure  2-18  is  a plot  of  the  beam  dimension  between  1/2  power  points 
for  some  ranges  vs  the  beam  angular  dimensions  to  relate  to  the  collector 

aperture  diameter. 

2.4.3-  Tracking  S/N 

Noise  TTnnivalent  Angle  - A scanning  tracker  for  which  the  signal 
spot  diameter,  dg,  is  smaller  than  the  scanning  aperture  diameter 
d , yields  signal  electrons  proportional  to  the  approximate  area, 

d^d  . (See  Figure  2-19.) 

as 

The  ncUe  equivalent  area,  or  the  area  which  receives  an  average  o£ 
one  electron,  is  then: 


1 

K. 


(2) 
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Figure  2-18.  Beam  Diameter  vs  Beam  Divergence  for  Given 
KE.-OAI.I.  Ranges  (100000,  84000,  50000,  20000,  10000  Feet) 


Scanning  Aperture 
Signal  Spot 


All  other  parameters  constant, 

the  electron  count,  e , is 

s 

proportional  to  this  area. 


Figure  2-19 
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Substituting  (2)  into  (1)  gives; 


CO 

II 

d d 

as  / 

2 

d ^ ' 

(3) 

II 

CM 

•cT 

°N 

d d 

as- 

(4) 

Dividing  both  sides 

of  equation  (4)  by  the  square  of  the  focal  length 

restates 

the  equa.tion  in  terms  of  angles. 

1 / 

a - 

N 

(5) 

Finally,  the  equation  for  the  tracker  noise  equivalent  angle  is; 


lot^  a 

0 = . 

/as 

N ) 

/ es 

(6) 


Tracker  noise  equivalent  angle,- versus  aperture  angle,  a ; ^ipot  size 
angle,  and  electron  count  per  bit,  63  • ^ 

mectron  Count  for  Reliable  Tracking.  - Track  lock  - The  ability  of  the 
tracker  to  maintain  track  - becomes  relatively  unreliable  if  the  equivalent 
noise  angle  exceeds  about  1/4  the  aperture  angle  {emperically  determined), 


“n  ^ 


®a 


4 (7) 

Substituting  ( 5 ) into  ( 6 ) and  solving  for  63  gives  the  number  of  electrons 
per  bit,  6g,p  required  to  maintain  track,  as; 

a 

s 16 


s 


ST 


01 


(8) 


Electron  count  per  bit  for  reliable  tracking. 
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Noise  Equivalent  Pointing  Angle.  - The  derivation  of  (equation  6 ) 
gives  the  accuracy  for  the  tracker  itself.  The  tracker  is  used  to  point  a 
transceiver  or  r-::ceiver  by  means  of  beam  steering  devices  which  gener- 
ally increase  the  bit  integration  time.  .Although  this  factor  is  generally 
10,  we  shall  maintain  generality  and  call  it  n. 

Noise  equivalent  pointing  angle,  a . 


SNR  Degradation.  - It  should  be  noted  that  SNR  degradations  such  as  will 
occur  in  the  detector  photomultiplier  and  elsewhere  in  the  system  makes 
it  necessary  that  the  electron  counts  derived  be  increased  by  a factor  of 
about  6 when  the  electron  counts  at  the  detector  photocathode  are  being 
considered. 

2.  5 Adaptive  Signal  Processing  Threshold  Analysis  • 

First,  the  adaptive  threshold  concept  as  applied  to  analyses  using 
normally  distributed  noise  density  functions  as  an  approximation  to  Poisson 
statistics  is  briefly  described.  The  adaptive  threshold  concept  using 
Poisson  statistics  for  the  noise  density  function  is  then  developed.  The 
optimum  threshold  value  is  derived  in  equation  form.  This  form  is  then 
manipulated  into  a form  which  minimizes  the  equipment  accuracy  require- 
ments, An  alternate  concept  leading  to  a practical  circuit  is  also 
developed  and  described  in  detail. 

2.5.  1 Ideal  - Threshold  Circuit.  - Table  2-4  lists  the  parameters  of  inter- 
est to  this  subject.  Figure  2-20  illustrates  the  continuous  probability 
density  curves  associated  with  the  assumption  of  a normal  distribution  of 
the  probability  of  achieving  a particular  count  during  an  integration  time. 

If  the  Laser  transmits  at  full  power  continuously,  then  the  average  count 
per  integration  time  will  be  D + B + LM  = P,  and  the  area  under  the  mark 
curve  will  be  unity  since  the  probability  that  a mark  is  being  sent  is 
100  p ercent.  If,  for  example,  the  probability  that  a mark  (one)  is  being 
sent  during  any  randomly  chosen  integration  time  is  P(M),  then  the  area 
under  the  mark  curve  will  be  equal  to  P(M).  Since  the  Laser  contribution 
to  the  count  during  the  actual  reception  of  a mark  is  still  LM,  the  value  of 
P is  unchanged  by  a variation  in  P(M),  and  only  the  height  of  every  point 
on  the  mark  curve  is  scaled  by  P(M), 
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TABLE  2-4.  PARAMETER  LIST 


B = Background-!* 


D = Dark= 


/ 


L = Las 


er-'' 


LM  = Laser  transmitting  a Mark  (one)=f* 

LS  = Laser  transmitting  a Space  (zero)* 

•4  ‘ 

P = Peak  (maximum  value)* 

V = Valley  (minimum  value)* 

T = Threshold* 

N = A general  counting  parameter* 
f = Integration  time  • 

M = (P-V)/(i.+V)  = modulation  index  at  the  receiver 


M 


~ Current  gain  of  the  photomultiplier 


R - Photomultiplier  load  resistance 
- Preamplifier  voltage  gain 

^PA  ^ amplifier  gain,  if  used  is  equivalent 

to  (R)  (Gp^)  . ^ 

^AGC  " gain-controlled  section.  May  be  greater 

equal  to,  or  less  than  unity  * 

= Gain  of  the  amplifier  from  the  AGC  Section  to  the  threshold 
comparator 

Q - Electronic  charge  in  coulombs 

*du'in?oL^''„T  Photoelectron  counts  accumulated 

uucing  one  integration  time. 
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Considering  firsc,  only  the  intervals  In  which  a mark  is-  actually  received. 
P(M)  = 1,  the  mear  count  is  P and  the  value  of  the  normal  probability  den- 
sity curve  at  any  count  N is 


PD 


1_ 

<r  (2ir) 
P 


1/2 


0.  5 (In  - Pl/cTp)^j 


In  general,  however,  the  probability  density  curve  height  is  scaled  by  the 
probability  of  occurrence  of  the  case  it  represents  so  that  the  value  of 
PDM  at  an  arbitrary  count  of  N will  be 


. (PDM) 


P(M) 
<Tp  (2  :r) 


1/2 


0.  5 


where  n 

P 


In  - p| 


a 


P 


the  number  ofcr  that  T is  from  P 


and 


= (variance  of  P) 


1/2 


Since  the  normal  curve  is  intended  to  simulate  c Poisson  distribution  for 
which  the  variance  is  equal  to  the  mean,  let  (j  = v/R  Also,  typically,  but 
not  always,  P(M)  =P(S)  = 0,  5 where  P(S)  is  the  probability  that  a space 
occupies  a randomly  chosen  integration  time.  Similarly  the  value  of  the 
"space  curve"  PDS  at  any  count  N is  then 


(PDS) 


where 


0.  5 


In  - v| 

(Ty 


and 


<ry 


/7" 
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Now  if  r represents  an  arbitrary  threshold  for  making  a mark  versus 
space  decision,  the  area  under  PDS  to  the  left  of  T is  the  probability  that  a 
received  space  (zero)  will  be  decided  to  be  a space,  and  the  area  PES  under 
PDS  to  the  right  cf  T is  the  probability  that  a space  will  be  incorrectly 
counted  as  a mar  c.  Similarly,  the  area  under  PDM  to  the  right  of  T is  the 
probability  of  correctly  calling  a mark  as  a m»trk,  and  the  area  PEM  is  the 
probability  of  an  error  when  receiving  a mark. 

Then  the  total  probability  of  error  is 


PE 


PEM  + PES  = J (PDM)  dN  + y“PDS)  dN 


It  may  be  s<;en  from  Figure  2-20  that  mo/ing  T up  from  V,  toward  P,  ' 
increases  PEM  and  decreases  PES.  It  may  also  be  anticipated  that  PE  can 
be  minimized  by  choosing  an  appropriate  value  for  T. 


Let  us  find  the  value  of  T which  minimizes  PE.' 


d (PE)  = (PDM)  - (PDS)  = 0 
dX 


(PDM)  = (PDS) 


Thus  the  intersection  of  the  "mark  curve"  and  the  "space  curve"  is  the 
location  of  the  optimum  threshold.  Note  that  these  curves  cannot  simply 
be  the  tabulated  probability  density  curves  but  must  include  the  a priori 
P(M)  or  P(S)  scaling  factors.  Note  also  that  if  more  than  one  intersection 
occurs,  the  intersection  at  which  the  slopes  of  the  curves  are  of  opposite 
sign  must  be  chosen. 
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It  may  be  readily  shown  by  equating  PDM  and  PDS  that  the  minimum 
error  rate  occurs  for  the  following  value  of  theshold  count  T, 


» ^PV  ^1  + P/V  ‘ 2gn  F(  .vl)/P(S)^ 


For  the  typical  case  of  P(M)  =P(S)  = 0.  5, 


yjpY  ^1  + 


in  P/V 

P - V. 


Note  that  for  any  given  P/V  ratio,  as  the  values  of  P and  V are  both  scaled' 
upward, , the  in  P/V  is  divided  by  an  increasing  P-V.  Thus  in  general  for 
large  counts  T is  closely  approximated  by 


T = JWV 

Consequently 


P 


also 


Op  y/r 

= , yp 


The  threshold  distar^ce  from  the  peak  or  from  the  valley  is  the  same  number 
of  Cr  or  for  the  large-cou'nt  case.  One  may  say  the  mark  signal-to-nois. 
ratxd  (SNR)  is  equal  to  the  space  SNR  and  we  may  speak  of  Uoe  SNR  of  the 
system  without  being  ambiguous. 

In  the  truly  general  and  accurate  normal  approximation,  the  optimum 
threshold  is  somewhat  different  from/lFv  and  the  mark  SNR  is  not  exactly 
equal  to  the  space  SNR.  In  order  to  avoid  ambiguity  then,  one  must  either 
speak  of  the  mark  and  space  SNR  separately  or  must  define  "the  SNR".  A 
convenient  definition  of  ah  unambiguous  SNR  is;  /P~-/v^^,  in  general,  it 
will  not  by  itself  specify  the  bit  error  rate.  ■ ^ 
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Consider  r.ow  the  implication  of  the  integration  from  A normal 
probability  density  curve  is  symmetrical  about  the  mean  value  and  extends 
to  infinity  in  both  directions.  Obviously,  in  the  case  under  consideration, 

• a negative  count  N has  no  physical  meaning.  The  normal  curve  therefore 
cannot  be  correct.  It  is  simply  used  as  an  approximation  to  the  Poisson 
distribution  because  of  its  convenient  symmetry. 

The  Poisson  probability  density  distribution  yields  the  discrete 
(discontinuous)  probability  of  counting  any  integral  number  of  equally- 
probable  independent  events  during  a given  time  duration  located  arbitrarily 
in  time.  It  provides,  therefore,  a good  model, for  the  counting  of  photo- 
electrons during  any  randomly  located  time  interval  of  known  duration. 

Applying  o ir  previously  defined  parameters  to  the  discrete  Poisson  • 
distribution  we  have: 


(PDS)  = 


P(S)  X V^\-V 


(PDM)  = 


P(M)  X P g-P 


where,  in  this  case,  N is  defined  to  be  the  integral  number  of  photoelectrons 
which  has  the  probability  of  occurring  during  any.  arbitrarily  chosen  integra- 
tion time  for  which  the  mean  is  P for  a mark  and  V for  a space.  To  enhance 
the  similarity  to  the  normal  distribution  case,  let  us  plot  the  discrete  proba- 
bility of  a given  integer  count  of  N occurring  as  an  equal  probability  density 
value  extending  from  N-1/2  to  N+1/2.  For  the  actual  Poisson  distribution 
of  photoelectrons,  the  curves  of  Figure  2-20  will  be  replaced  by  curves  of 
similar  overall  shape.  The  curves  will  be  made  up  in  detail  of  unit  width 
vertical  flat-topped  bars  whose  heights  obey  the  Poisson  expressions  given 
above.  If  we  attempt  to  set  the  stepped  PDS  and  PDM  Poisson  "curves" 
equal  to  each  other  to  find  the  optimum  threshold,  it  would  be  an  extraor- 
dinary coincidence  if  an  integer  count  would  exist  for  which  the  two  bars 
would  be  of  equal  height.  The  expected  situation  would  be  for  PDS  to 
exceed  PDM  at  one  integer  value  of  N,  and  for  PDM  to  exceed  PDS  for  the 
next  highest  integer  value  of  N.  The  optimum  value  of  threshold  would 
^en  be  midway  between  the  two  integer  values.  ‘ Consequentiv,  If  we  allow 
N to  vary  continuously  and  then  set  PDS  = PDM  and  solve  for  N,  we  can 
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determine  a thresiold  value  which  will  lie  between  the  proper  two  integer 
values.  Theoretically,  the  threshold  should  be,  set  midway  between  these 
integer  values.  Practicall-y,  it  is  anticipated  that  the  precision  with  which 
T can  be  evaluated  in  a working  system  would  not  justify  the  additional 
circuit  complexity  necessary  to  approximate  a.  threshold  voltage  lying 
midway  between  the  two  highly  magnified  counts  existing  at  the  point  in  the 
system  where  thresholding  is  to  be  applied. 


The  optimum  threshold  count  (as  defined  above)  will  now  be  deter- 
mined at  the  integer  counting  level,  recognizing  that  the  non-integer  value 
so  determined  will  actually  be  used  at  the  high-level  thresholding  point  in 
the  system.  Equating  (PDS)  and  (PDM)  yields 


p(S)  X 
T! 


p{M)  X p’^e 
T! 


in  which  T is  assumed  to  vary  continuously,  and  all  functions  of  T are 
assumed  to  be  continuously  defined. 


P-V  s Tin  P/V +in  P (M)/P(S)  , 


Tin  P/V  = (P-V)  - In  P (M)  /P(S) 

P-V  In  P(M)/P(S) 
In  P/V  ' in  P/V 


T 
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For  the  typical  case 


of  P(M)=P(S)=0.  5. 


T = 


P-V 


InlPfy 


This  then  is  the  Th^'case  o7at  image°Tis‘seLr)  to 

error  rate  for  the  typical  case  of  P(M|  i-\  I . 

U the  signal  were  to  be  dp  sf  :l“dctrast'^ 

then  the  actual  “treshold  voltage  practical  reasons  the  signal 

by  passage  through  the  circui  ^ g Moreover,  the  customary  thresh- 

x'.'tntdwTbet”^^ 

achieved.  Thus  ^ 


p + V QG 
2 T 


- be  achieved  without  regard  to  the' nunaerical  values  of  G.  T,  or  Q by 
rnelns  of  two  suitably  connected  peak  detectors. 

„ would  therefore  be  rblteln^fth^^r  ^aUey 

ideal  Poisson  threshold  into  a orm  threshold  and  the  remainder 

would  constitute  the  primary  component  of  the 
of  the  expression  would  represent  an  adaptive  auj 

manipulation  is  displayed  below. 


For 


X>0,  ln(X) 


where 


If 


x-1 

X+1 


= (P/V) 
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0 


.then 


(P/V)-l 

■(P/V)+l  P+V 


where  M equals  the  modulation  index  apparent  at  the  receiver. 
So  for  (P/V)  >0, 


Then 


In  (P/V) 


ln(P/V) 


, Fm  + M®  I 
= 2 [T 


V P+V  ) 


\ 


P+V 


M“  ^ M ^ 

i + -y  +-5-  + 


/ 


( 

1 + 3 5 


•] 


+ . 


p + V r , 

2~  ['  ‘T-  - 

[ 
[ 


14M 

45 


36M 


SOM 


8 


14175  425E5 


■] 


P+V  P+V 
2 ■ 2 

P + V 


9 A 6 8 

M , ]4M  36M  80.^^ 

“3”  ‘ 45  ^ 14175  42525 


+ . 


2 

P + V 


1 X X 4-  , 

- (P-V)  I -^  + gQ  + 28350  85050  ^ 


...j 


(P-V)  0.  166667M  + 0.  155556M” 


? 7 ' 9 • 

+ 0.  001270M  + 0.  000941M  + 0.  00019M  + 


vl 


P+V 


- (P-V) 


This  last  expressior  may  be  referenced  to  the  actual  thresholding  point  in  the 
circuit  by  multiplying,  as  previously,  by  the  factor-  QG/t. 

QTC/.  =(^)(^)-(^)  (P-V.M 
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The  first  term  represents  the  potential  midway  between  the  mark  and 
space  potentials  delivered  to  the  thresholding  circuit  and  can  be  "delivered" 
by  a circuit  similar  to  Figure  2-21  in  which  the  adaptive  component  is  set 
to  zero. 

/ 

The  circuit  consists  basically  of  two  peak  detectors  of  opposite  polar- 
ity, such  that  the  potential  difference  between  their  filter  capacitors  is 
equal  to  the  peak-to-peak  swing  between  the  amplified  mark  and  space; 
levels.  This  whole  circuit  is  referenced  to  ground  by  a center-tap  on  a 
resistor  connecting  the  two  filter  capacitors.  Thus  the  potential  midway 
between  the  mark  and  space  potentials  applied  to  the  comparatbr  is  forced 
to  be  equal  to  zero'.  Referencing  the  comparator  to  zero,  then  also  puts 
the  threshold  at  the  average  mark  and  space  potentials. 

■« 

Now  consider  the  adaptive  portion  V of  the  previous  expression  for 
high-level  threshold,  ^ 


QG 

T 


(P-V)  [o.  166667M  + 0.  155556M^  + 0.  001270M^ 


+ 0.  Q00941M^  + 0,  00019M^  + . . .j 

Now  recognize  again  the  (QG/r)(P-V)  is  the  actual  difference  between  the 
mark  and  space  levels  (peak-to-peak  voltage)  as  measured  at  the  threshold- 
ing poinl  in  the  circuitry.  Note  also  that  this  quantity  is  tightly  controlled 
by  the  AGC  circuit  and  may  be  considered  constant.  Thus  the  only  variable 
cornponent  of  the  expression  for  the  adaptive  portion  of  the  threshold  voltage 
IS  the  ii^mite  series  representing  the  function  of.M,  the  apparent  modulation 
index.  Since  this  function  is  precalculable,  it  can  be  stored  in  a function 
pnerator.  Thus  the  only  variable  parameter  whose  value  must  be  known 
o set  the  adaptive  threshold,  is  M.  Measurement  of  M is  ideally  possible 
0'5(P+V)(QGj^RL/r)  available  at  the  photomultiplier  output 
with  (QG/r  )(P-V)  available  at  the  AGC  detector  output.  The  practical^ 
difficulty  lies  in  determining  Q/G  R^,  the  gain  between  the  photomultiplier 
output  and  the  thresholding  point  m the  circuit.  The  practical  difficultiL 
involved  in  evaluating  M,  due  to  determining  this  gain  to  the  required  accurac> 
appear  to  render  this  approach  unreliable,  ^ 
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2.  5.2  Practical  Threshold-Circuit.  - In  the  search  for  a realizable  adaptive 
threshold  circuit,  the  following  concept  evolved.  It  was  recognized  by  a 
numerical  investigation  that,  at  the  level  of  electron  counts  involved,  little 
difference  occurs  in  the  signal-to-noise  ratio,  whether  a Poisson  distribution 
or  its  normal  approximation  is  chosen.  Accordingly  the  situation  of  primary 
interest  was  recognized  to  be  the  attainment  of  signal-to-noise  ratios  (SNRts) 
during  mark  intervals  and  during  space  intervals  which  are  proportional  to 
the  probability  of  occurrence  of  marks  and  spaces.  In  the  typical  case  of 
P(M)  =P(S)  = 0.  5,  the  Mark  SNR  should  equal  the  Space  SNR  in  order  to 
minimize  the  sum  of  the  mark  and  space  bit  error  rates.  Equal  SNR's 
will  be  attained  when  the  mark-to-threshold  distance  bears  the  same  ratio 
to  the  mark  noise  as  the  space-to-threshold  distance  bears  to  the  space  noise. 
A circuit  was  devised  which  will  yield  a measure  of  the  mark  noise  on  one 
wire  and  a measure  of  the  space  noise  on  a second  wire.  Figure  2-22  includes 
enough  detail  to  indicate  the  theory  of  operation  of  this  adaptive  threshold 
method. 

The  two  center  diodes  and  two  capacitors  form. two  peak  detectors  whose 
detection  efficiencies  are  adjusted  such  that  the  upper  capacitor  floats  at  the. 
average  space  level.  Note  that  during  a. space,  the  upper  capacitor  remains 
at  the  mark  level,  and  during  a mark,  the  lower  capacitor  remains  at  the 
space  level.  The  capacitors  thus  act  both  as  a reference  voltage  for  their 
respective  differential  amplifiers  as  well  as  a bias  source  for  the  diode  feed- 
ing of  the  other  differential  amplifier  input  terminal.  The  net  result  is  that 
the  upper  differential  amplifier  yields  an  output  waveform  consisting  of  a 
zero  baseline  which  rises  only  to  follow  the  excursions  of  the  mark  noise 
above  the  average  mark  level.  Similarly  the  lower  differential  amplifier 
outpv’t  waveform  consists  of  a zero  baseline  which  rises  to  follow  the  excur- 
sions of  the  space  noise  below  the  average  space  level.  The  peak  detectors 
fallowing  the  differential  amplifiers  then  yield  dc  voltages  proportional  to 
the  mark  and  space  noises,  respectively.  These  dc  voltages  are  summed, 
amplified  and  gain  controlled  to  a level  equal  to  half  the  peak-to-peak  voltage 
of  the  input  bit  stream.  The  dc  output  of  the  lower  peak  detector  is  put  onto 
a carrier  and  passed  through  the  same  gain  controlled  channel  and  then 
demodulated  back  to  a dc  voltage.  The  summing  res'istor  R2  from  the  modu- 
lator to  the  amplifier  is  adjusted  so  that  the  gain  fromD  to  C is  twice  the 
gain  from  A to  C (ass\iming  the  MOD  and  DEMOD  gains  are  unity).  The 
reference  voltage  R is  one  half  the  peak-to-peak  signal  voltage  and 
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BC 


= G 


DC 


then 


P-V 

2 


'Kfo^p+V^DC  ' 


Also  the  threshold  voltage  (above  groimd) 


IS 


<^-V)/2  A(a-p+ 


T 

P-V 


2G 


AC 


DC 


<F  + 0- 

p ^ y 


Since  we  have  set  G = 2G 

DC  ‘^^AC 


T 

P-V 


(T  + <r 
P V 


Since  the  signal  waveform  into  the 
Clamped  to  zero,  we  can  write; 


comparator  has  its 


negative  peak  (valley) 


T-V 

P-V 


(T-V) 

(P-T)  + (T-V) 
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Thus  the  circuit  sets  the  threshold  such  that  its  distances  from  P and 
from  V are  proportional  to  the  respective  noise  levels,  and  the  bit  error 
rate  is  thus  minimized.  . • 

f 

/ 

! 


Figure  2-22.  Theory  Schematic  of  Adaptive  Threshold  Generator 


2, 6 Analysis  of  the  Ground  Based  Acquisition  Systein. 

The  purpose  ot  this  section  is  to  briefly  state  the  analytic  approach  and 
results  obtained  on  examining  the  requirements  and  performance  of  an  an  acUve 
ground  based  acquisition  system.  This  system  utilises  a pulsed  laser  transmitter, 
and  retrorctlective  (cubecornev)  targets  on  a cooperative  aircraft.  The  laser 
IS  scanned  in  space  over  the  e.vpeoted  airoraft  path,  and  when  the  aircraft  enters 
the  beam,  the  reflected  sigival  is  detected  by  an  image  dissector  phototube  camera. 
The  relationships  between  the  ground  equipment  characteristics  {laser 
power,  pvdse  repetition  rate,  wavelength,  optics  aperture,  detector  sensitivity), 
target  characteristics  (sine  and  number  of  retroreneotors).  aircraft  parameters 
(altitude,  velocity),  and  predicted  system  performance  (detection  probability,  false 
alarm  rate)  are  examined,  and  specific  cases  ot  interest  are  dlsousscd. 


Developed  in  Uio  foUowing  paragraphs  arc  the  relationships  between  the 
scan  geometry  of  the  laser  transmitter,  the  aircraft  velocity  and  altitude,  the 
pulse  repeUtlon  rate  of  tlie  laser,  and  the  beam  divergence  of  the  laser  transmitter 

(i,  e,  t the  scau  elemeut  angular  size). 

The  geometry  of  the  system  Is  she™  In  Figure  2-22.  The  aircraft  is  flying 
at  velocity  v and  aliitude  II,  and  is  at  range  R from  the  ground  based  acquisilion 
system.  The  line  ot  siglit  from  the  ground  station  to  the  aircraft  is  at  an  augio  6 
with  fne  local  vertical.  The  angular  velocity  of  the  aircraft  with  respect  to  the 
grouiul  slaUon  is  *6.  The  .acquisition  system  transmits  laser  pulses  ot  angular 
width  A*  , usins  n euch  pulses  to  swoop  out  die  search  scan  angle  Successive 

pulse.?  overltip  b/  t'no  traction 


n IN 


eler 

overlap 


>lution 


The  imago  dissector  camera  is  effectively  inactive  during  its  retrace,  which 

requires  some  fraction  < of  the  trace  scan  period. 

In  order  to  allow  some  time,  T , to  change  mode  of  operation  of  the  ID 

acq 

Camera  from  "search"  to  "acquisition  and  track",  an  effective  overlap  in  the  scanning 
scheme  is  provided  in  the  direction  of  the  aircraft  velocity.  The  overlap  factor  is 


The  target  aircraft  is  Icnovm  to  be  flying  a course  that  will  pass  witliin  the 
search  scan  angle  4‘ , and  is  traveling  with  an  angnilar  velocity  q ; tlierefore,  its 
possible  position  sweeps  out  a solid  angle  at  a time  rate  of 

« ==  4^e  (1)"' 

(The  subscript  a refers  to  "aircraft". ) 

The  ground  acquisition  system  operating  in  the  search  mode  must  sweep  out 
or  scan  its  search  field  of  view  at  a somewhat  faster  rate,  because  of  the  ovex'lap 
factors  and  ID  tube  retrace  factor  previously  mentioned.  The  search  sweep  rate  of 
the  system  is 

(1+  Pjj)  <1+  Py).  (2) 

or*  from  (1)  and  (2), 

n =4'e<i  + . ) (1+ pJ  (1+  pj  (3) 

S X Jr 

A diagram  illustrating  the  above  relationship  is  shown  in  Figure  2-23. 

Let  the  laser  pulse  repetition  rate  be  f pulses  per  second,  the  time  between 
pulses  be  t seconds,  and  the  laser  beam  have  a square  cross  section  of  angular 
dimension  . 


The  pulse  repetition  rate  is  the  reciprocal  of  the  time  between  pulses,  i.e. , 
1 


f = 


The  solid  angle  of  the  laser  beam  must  be  - 
2 

(A6)  = — = n r ~ . 

£ s 

The  number  of  elements  per  search  scan  line,  n,  is  then 


(4) 


(5) 


n= 


P^) 


|6) 


Taking  the  square  root  of  equation  (5),  and  substituting  in  (6),  one  obtains 

(7) 


n = 


‘^(1  + Pjj) 


1/2 


Substituting  (3)  into  (7^ 


n = 


‘^(1  + Pjj) 


(8) 


9 

C e (1  + « ) (1  + p^)  (1  + Py)  J 


1/2 


This  simplifies  to: 


r +(i  + PjP 
L e(  1 + e ) ( 1 + Py)  T ■ 


1/2 


(9) 


The  time  for  the  aircraft  to  pass  through  the  beamwidth  A<^  is 


- 

9 e 


(10) 
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The  minimum  (worst  case)  time  the  system  will  have  to  perform  the  mode 
chan"e  from  ''search"  to  "acquisition  and  track"  is 


T = p T . = 
acq  y <> 


The  search  line  scan  period,  , is 


Also, 


T»i,  = n T (1  + « ) 


It  should  be  noted  that 


T = T + T 
* <f>  4;  acq. 


Application  to  Specific  Gases 

The  relationships  derived  in  Section  2. 1 are  now  appUed  to  specific  cases  of 
interesj.  and  the  results  presented  in  tabular  form.  These  results  are  utilized 

later  in  radiometric  calculations. 

The  following  values  are  assumed: 


= 10  degrees 
= 0, 5 degree/second 
- 0.2 
= 0.1 
= 0.2 


It  is  noted  that  0 , i i radians/sec,  is 

• e ss  cos^  e , where  v is  the  aircraft  velocity  and  H its  altitude. 

H 

The  assumed  value  c>f  0. 5 deg/sec,-  is  appropriate  for  acquisition  at  0 - 45  degrees 
for  an  aircraft  of  velocity  675  ft/sec  (400  nautical  miles/hour)  at  an  altitude  of 
40, 000  feet  or  greater. 

Several  pulse  repetition  rates  are  of  interest,  corresponding  to  the  ranges 
available  from  Gallium  Arsenide  semiconductor  diode  lasers  and  pulsed  Argon  ion 

gas  lasers.  . 

The  specific  values  chosen  for  f are: 

200;  400;  l,G0O;  2,000;  4,750. 

Using  the  above  assumed  values  in  Equation  (4)  and  (9),  one  can  calculate 

n,  the  number  of  laser  pulses  (or  resolution  elements)  per  scan.  This  result  is 

substituted  into  Equation  (6),  which  is  solved  for  A4> . 

Also.  T . T , andT,  are  calculated- from  Equations  (10), *(11),  ar*u 
* acq  y 

The  results  are  tabulated  in  Table  I. 


4 ' » 
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2 7 System  Performance  Prediction 

The  purpose  of  this  discussion  is  to  determine  the  relationships  among  the  GBAA 
system  parameters  and  to  predict  the  system  performance  in  a specified  environment.  The 
procedure  to  del  ermine  performance  will  be  to  establish  the  required  signal  power  level 
required  to  achieve  a specified  detection  and  false  alarm  probability  during  a laser  radar 

pulse  period.  ' 

The  required  photoelectron  current  is  determined . based  on  an  assumed  background 

radiation  level.  This  required  photoelectron  current  is  then  used  as  a basis  tor  computing 

the  required  radiant  flux  density  at  the  ground  station,  with  specific  values  assumed  for 

the  optical  collector  area,  optical  efficiency,  and  photocathode  sensitivity.  The  radiant 

flux  density  at  the  ground  is  then  used  to  compute  the  required  radiant  flux  density  at  the 

ground  station,  with  specific  values  assumed  for  the  optical  collector  area,  optical 

effiency,  and  photocathode  sensitivity.  The  radiant  flux  density  aUhe  ground  is  then 

used  to  compute  the  required  radiant  flux  density  at  the  aircraft,  for  assumed  values  of 

atmospheric  transmittance,  number  of  retroreflectors  and  area  of  each.  Finally,  the 

required  laser  power  tor  various  ranges  is  calculated,  based  on  the  required  flux  density 

at  the  aircraft,  .assumed  value  of  atmospheric  transmittance,  and  solid  angle  of  the 

laser  beam. 

2.7.1  n»qnlroH  Photoelectron  Current.  - The  average  current  i^^  (in  electrons/sec) 


due  to  background  in  the  image  dissector  phototube  receiver  is 


-1 


(15) 


where: 


watts 


* evaluated  at 


N Is  the  background  spectral  brightness,  in  ^ 
b • cm- -steradian- 

the  laser  wavelength. 

A is  the  width  of  the  spectral  filter  in  the  receiver,  in  microns. 

\ 

T is  the  optical  filter  transmittance 

F 

Tj^  is  the  optical  transmittance  of  the  receiver 

K is  the  image  dissector  photocathode  spectral  Sensitivity  at  the  laser 

A \ 

wavelength,  in  amps/watt,  or  equivalently,  in  coulombs-/sec-watt. 


2-71 


/•■'V 


A_  is  the  area  of  the  receiver  optics,  in  cm 
R 

is  the  solid  angle  of  tlie  instantaneous  field  of  view  of  the  receiver, 
in  steradians. 

' I 

e is  the  electronic  charge,  in  coulombs/electron. 


Dimensional  analysis  of  Equation  (15)  shows  consistency,  1.  e. , 
watts . (i  , coul  . cm^ , ster . electrons 

2 

cm  -ster-  jj  sec-watt  coul 

_ electrons 
sec 


A convenient  approximation  in  working  with  small  solid  angles  is  that  a solid 

2 

angle  expressed  in  degrees  can  be  converted  to  steradians  by  multiplying  by 
-4  2 

3, 046  X 10  steradian/degree  . The  solid  angle  field  of  view  of  the  image  dissector 

receiver  must  be  somewhat  larger  tlian  the  solid  angle  of  the  transmitted  laser  beam, 

to  account  for  the  tolerance  in  the  mutual  alignment  of  the  transmitter  and  receiver 

under  dynamic  search  conditions.  (For  tracking,  it  may  be  desirable  to  have  the 

laser  beam  solid  angle  larger  than  the  instantaneous  field  of  view  of  the  receiver,  so 

that  the  image  dissector  can  "dither"  without  "dithei'ing"  the  laser  beam. ) 

Assuming  that  an  overlap  of  0, 17  in  each  dimension  is  adequate,  then  the  receiver 

2 

field  of  view  solid  angle  must  be  (1. 17)  or  1. 40  times  as  large  as  the  transmitted 

beam  solid  angle,  or  ' . 

W_=  1.4  (A 4>)^  (16A) 

a 

for  A in  radians,  and 

W_  = 1.4  (A(j))^  X 3. 046  x 10"'^  . . (16B) 

R 

for  A 4)  in  degrees 


llje  following  values  are  used  for  the  quar titles  in  Equation  (15),  and  are 
applicable  to  a Gallium  Arsenide  Laser  operating  at  a wavelength  of  0. 9 ^ . 


K = 8 X 10 
D 


(Blue  sky,  at  0. 9 u ) 


A =0.2 
Tj,=  0.8 
Tjj=0.7 

Aj^=  55 

e = 1.5  X lo" 


(S-25  photocathode,  at  0.9  n) 
(lens  dia.  approx.  8. 3 cm) 


The  result  is, 

t,  =9,24x10^^  (W  ) electrons/sec  ' (17) 

b It 

For  the  Argon  laser  operating  at  0.514  micron,  the  appropriate  values  for  use 
in  Equation  15  are  Nj^  **  3 x lO”  , and  A ^^=  2 x 10  , and  K ^ ^ = 6 x 10  , and  the 

result  is: 

r = 6.93x10^^  (W  ). electrons/sec  (18) 

b R 

It  is  noted  that  the  assumption  of  a blue  sky  background  is  appropriate  for  a cooperative 
high  altitude  aircraft,  since  no  clouds  are  liiccly  at  the  high  altitude,  and  any  clouds 
prtasant  at  lower  levels  will  probably  obscure  the  aircraft  completely. 

The  required  signal  current  for  a given  probability  of  detection,  PD,  and  time 
between  false  alarms,  TFA,  is  dependent  on  the  background  current,  and  the  electronic 
bandwidth  A f of  the  system.  The  bandwidth  may  he  set, based  on  the  laser  pulse  width 
at  1/2  power,  t. 

A f — /f  ct\ 
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Using  Gaussian  statistics,  which  approximate  the  more  exact  Poisson  approach  at 
higher  current  levels,  one  can  obtain  the  following  relationships; 


i 1 C Ic  (Af)  log  4(1-PD)  - 2 i 1 + i^  = 0 

® t t 


The  total  current  i is  the  sum  of  the  background  current  and  signal  current, 
and  is  the  threshold  current.  The  factor  k is  a noise  factor  associated  witli  tliJ  ^ 
dynode  gain  in  a photomultiplier,  and  is  approximately  equal  to  1.  6. 

The  method  for  determining  the  required  signal  current  is  to  compute  T 
from  Equation  17  or  18,  as  appropriate;  next,  compute  A f from  Equation  19;  select 
a probability  of  detection  and  time  between  false  alarms,  and  solve  Equation  (20) 
for  threshold  current,  i^;  use  this  result  in  Equation  (21)-,  and  solve  for  i;  finally, 
solve  Equation  (22)  for  the  signal  current  required. 

A computer  program  for  implementing  the  above  method  was  written.  It  was 
utiUzed  for  the  Gallium  Arsenide  analysis,  which  requires  A f = 5 x 10®  Hz,  based 
on  a 100  nanosecond  pulse  duration.  The  output  data  is  i^  for  various  I values, 
for  a spfeclfled  PD  (0. 990)  and  TEA  (100  seconds).  The  data  is  shown  in  Table  2-5 
and  plotted  in  the  graph  of  Figure  2-24. 

From  Table  2-6,  the  angle  of  the  laser  beam,  Ax,  for  the  various  pulse 
repetition  rates  of  interest,  can  be  determined.  This  is  used  to  determine  W 
the  solid  angle  of  the  receiver,  from  Equation  (16  b),  which  Is  substituted  into” 

Equation  (17)  to  determine  T^.  Then,  i^  is  determined  from  the  graph  of  Figure  2-24. 
The  results  are  tahulated  in  Table  2-7,  along  with  other  related  data. 


t'i 
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TABLE  2-5.  SIGNAL  CURRENT  CALCULATION  FOR  GALLIUM  ARSENIDE  LASER 

» t 

/ 

INPUT  DATA  , . 

K « 1,60  . 

.PP  = 0.9900 


IFA 

s 

o.icuout 

03 

I0DAf<, 

f DLTA 

IT 

S/N 

Ol 10000^ 

0 7 

0.60000“ 

07 

0.230A5E 

08 

0. 12166E 

09 

0.A9126E 

01 

0. lOOCOh 

oy 

0. 60000L- 

07 

C.7971.3E- 

OS 

0.20007c 

09 

0.61733c 

0 ! 

0, lOOOCF 

09 

0.60000F 

07 

0.320A5r 

09 

0.A2691E 

09 

0,831730 

01 

0. 1 0000  [; 

10 

0.50000E 

07 

0. 16971E 

10 

0. 11103E 

10 

0.  loe'ooc 

02 

Background  Current,  i (electrons/sec) 


Figure  2-24.  Required  Signal  Current  Versus  Backgn^ound  Current  for  Gallium 
Arsenide  System 


o 


i 

I 


1 

T 

n 

(sec 

(sec) 

200 

0.0050 

58 

400 

0. 0025 

82 

1.000 

0.0010 

129 

2,000 

0. 0005 

183 

4,750 

0.00021 

281 

o 


TABLE  2-6' 

/ 


■‘'f 

T, 

T 

acq 

(deg). 

(sec) 

(sec) 

(sec) 

0.1897 

0.  3793 

« 

0.3161 

0.063 

0. 1342 

0.2G832 

0.2236 

0. 045 

0.08527 

0. 1705 

0.1421 

0.028 

0.06011 

0.1202 

0.1002 

0.020 

0.03915 

0.0783 

0.0652 

0.013 

f 


1 
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TABLE  2-7 

9 

r • 

/ 


£ 

T 

'"r  . 

-L 

(8CC  ) 

stei'adian 

stRradian 

1000 

-6 

2.215  X 10 

• 

-6 

3.101  X 10 

2000 

-6 

1.101  X 10 

1.54  X 10 

4750 

* -7 

4. 67  X 10 

-7 

6. 54  X 10 

o 


1 

i 

FDG 

Fix; 

b 

electrons/ 

sec 

8 

electrons/ 

Bee 

watts/cm^ 

2 

watts/ft 

8 

2.865  X 10 

8 

2.75  X 10 

4.76X  10^® 

-7 

4.42‘x  10 

1.423  X 

8 

2. 22  X 10 

3.  84  X 10 

-7 

3.57  X n 

^6 

6.041  X 10 

8 

1.75  X 10 

• 

3.03X  10 

-7 

2.81  X 10 

t 

t 
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2.7.2  Flux  Dei  ty  at  the  Ground  Terminal.  - The  required  retroreflected  irradiance 
(flux  density)  frori  the  cooperative  cubecomer  targets  returning  to  the  receiver,  FDG, 
Is  derivable  from  the  following  equation: 


, electrons 

1 • - a 

s see 


5DG)A^Tj,T„K^^ 


(23) 


Tnus, 


(FDG)  =» 


i.  e 
s 


A T T k 
R F 


(watts/cm  ) 


(24)' 


For  tiie  Gallium  Arsenide  laser, 
(FDG)  = i 


-19 

1.6  X 10  

(55)  (.8)  (.7)  (3  X 10‘^) 


jl.73xl0'^®J 


For  the  Argon  laser, 
(FDG)  i 


i 


l.G  X 1 
j_(55)(.8)  (.7) 

|j3.  66  X 


(6  X lO’^) 


(25)' 


(26)^ 


2.7.3  Flux  Denrity  at  Aircraft.  - The  dimension  of  flux  density  ut  the  aircraft.  FDA. 

is  taken  as  watts/ft  , for  convenience,  l.e. , so  the  range  R from  the  ground  to  the 

aircraft  can  be  in  feet.  The  area  A of  each  of  the  N cubecorners  is  0.0278  ft^. 

c 

Because  of  atmospheric  scintillation,  the  cubecorners  will  not  be  illuminated 
uniformly  during  any  particular  laser  pulse.  Some  may  not  be  illuminated  at  all. 
Therefore,  to  include  this  effect  in  the  analysis,  a scintillation  efficiency  factor,  n , 
is  introduced. 


*>  0 


* Multiply  !)y  020  cnr/fi“  to  convoii  to  watts/ft ^ 
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The  flux  density  at  the  aircraft,  for  a poalc  laser  power  of  P watts,  is: 


PT.  T 

FDA*  r watts/ft  (27) 

T 

’ 

> * 

' 2 

2. 7.4  Required  Laser  Power.  - The  flux  density  on  the  ground  (watts/ft  ),  resulting 
from  the  retroreflection  of  the  laser  beam  productlng  the  flux  density  at  the  aircraft 

Is 


or 


V 

FDG=  ^ 


(FDA)'  T^ 

W 

c 


= ri  KA  P T.^  T T^  /r^W  W 
' c A c T / c T 

R (FDG) 

n N A T.“  T 
' c A T 0 


(28) 

(29) 


The  symbol  W is  the  solid  angle  of  the  beam  from  the  retroreflecting  cubecorner 

C 

and  is  assumed  to  be  4 x 10  steradians,  corresponding  to  a 4 ^ec  beam  spread. 

T is  the  cubecorner  transmittance, 

c 

f 

Substituting  for  (FDG)  from  Equation  (24)  into  Equation  (29) 


R W 
T c 

tj  NA  T^ 
' c A 


i e 
s 


T T 
c T 


T„  k , , 
R F R AX 


This  equation  states  that  for  a given  required  signal  current,  the  laser  power 
required  increases  directly  as  the  solid  angle  of  the  transmitter  and  cubecorner  beams; 
increases  with  range  to  the  fourth  power;  and  is  inversely  proportional  to  the  square 
of  the  atmospheric  transmission;  is  inversely  proportional  to  the  optical  transmission 
of  transmitter,  cubecorner,  and  receiver;  the  area  of  the  N cubecorners  and  of  the 
receiver;  and  inversely  proportional  to  the  spectral  sensitivity.  All  of  these  factors 
are  in  the  right  direction,  which  senses  as  a check  on  the  correctness  «f  the  derivation. 
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Equation  (29)  is  solved  for  P,  using  the  various  values  of  previously 
listed  in  Table  2-5,  for  several  ranges. 

Assume  7]  “ 0, 5 (i.  c, , half  the  cuijccorners  are  unillumiriiiied  due  to 
scintillation  effects).  Assume  N - 1C,  = 0. 1,  - 0.  9,  = 0, 5.  Suhisiitutiug 

into  Equation  (29),  one  obtains  ' 


P = 4. 0 X lO"'^  C (FDG)  j " (31) 

Table  2-8  lists  the  results  for  the  Gallium  Arsenide  laser. 

All  the  parameter  values  used  for  the  Gallium  Arsenide  case  are  listed 
below.  . . . 

Calculations  on  a pulsed  Argon  laser  system  were  performed  manually.  Assu  "op- 
tions, calculation  method,  and  results  arc  summai-ized  below.  . ^ ' 

The  Argon  laser  operates  at  f = 400  pulses  per  second,  and  the  pulse  width  (1/2  ' 

power),  t,  is  1 microsec.  From  Equation  (19),  10^  Hz.  From  Equation  (9), 

2 

n=  82.  From  Equation  (6),  A0=  0. 134  degrees,  which  makes  the  solid  angle  {t>i)  ■ 

— 6 

equivalent  to  = 5.48  x 10  steradians.  Substituting  this  into  Equation  (IS)  gives 

* 3 Q 

1=  3. 79  X 10  electrons/sec.  From  Equation  (20),  i = 4.  33  x 10  electrons/sec. 

“ 8 ^ 7 

From  Equation  (21),  i=  4.553  x 10  electrons/sec,  giving  i = 7.  63  x 10  electrons/sec, 

-i2  "> 

from  Equation  (22).  From  Equation  (26),  FDG  = 6.61  x 10  watts/cm“',  or  6.  j6  x 10 
2 

watts/ft  . Substituting  into  Equation  (31),  using  the  desired  range  R,  the  required  laser 
power  P is  obtained.  Results  are  tabulated  in  the  lower  portion  of  table  2-8. 
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table  2-8 


v|  « 


f 

FDG  W 

T 

R 

4 

R 

P 

-1 

sec 

,2 

watts/ft  steradian 

✓ 

feet  ' 

/ 

watts 

- . 

20 

10 

10 

39.2 

1000 

4.42x  l0”^  2.22xl0“® 

. 7 X 10® 

.24x  10^® 

9.42 

.5  X 10® 

.62  X 10^® 

2.42 

• 

10® 

lo'® 

15.7 

2000 

3.57x10“’^  1.10xl0“® 

. 7 X 10® 

. 24  X 10^® 

3.76 

.5x10® 

IQ 

. 62  X 10 

.973 

10® 

5. 25 

4750 

2, 81  X 10  ^ 4. 67  X lo”^ 

.7  X 10® 

. 24  X 10^® 

1.26 

.5  x 10® 

IQ 

.62x  10^^ 

.326 

i ’ ■ ' 

6.16x10”®  5.48xl0”®‘ 

10® 

1.36 

400 

.7x  10® 

. 24  X 10^® 

.325 

- 

.5x10® 

. 62  X 10^® 

.084 

I • Gallium 
I Arsenide 


Argon 
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Pulse  Repclliion  Il.ite  (Kilopulsc?/src) 

Figure  2-25.  Required  Peak  Laser  Power  Versus  Pulse  Repetition  Rate 

for  Gallium  argenido  System  _jj,ponUCIBn.ITY  OF  THE 
, a-  ORKlFsAl'  I’AGH  IS  POOR 


table  2-8.  CONDITIONS  FOR  CALCULATION  ON  GaAs  SYSTEM 

lAser  pulse  length  J 00  nanosec 
Wavelength  0. 9 

.02ii  (200A)  ( 

A f = 5 Megahertz  ' ‘ 

16  cube  corners,  4 in  area  each 

Atmospheric  transmission  0. 1 

■ o -■  . • 

= search  scan  angle  =10 

Q max  = 0,5  deg.  sec,  at  acquisition 

K = 1. 6 (dynode  noise  factor) 

PP  = 0.99  TFA  = 100  sec. 

Retrace  factor  0, 2 
Overlap  factor,  parallel  to  scan  0, 1 
Overlap  factor,  normal  to  scan  0, 2 

N = 8 X 10  ^ watt/cm^/ster/ij@  ,9u(blue  sky) 

b 

Overlap  factor  of  receiver  aperture  edge  over  transmitter  beam 

OF  = 0.17.  This  implies  40%  solidZ  overlap  since  (1.17)  =1.4 

Gaussian  approximation  assumed 

Cube  corner  transmittarce  = 0. 9 
Cube  corner  beam  spread  = 4 sec 
Scintillation  factor  = 0.5 

Laser  transmitter  transmittance  =0.5 

Receiver  optics  3. 2 in.  dia. 
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Tho  result  or  these  rediomctric-ouleulatious  tviU  be  a statement  of  system 
portorn.anoo,  expressed  as  the  worst-case  atmospheric  transmission  and 
scintillation  which  will  allow  a system  probability  ot  detection,  PD  = 0. 9, 
time  between  false  alarms,  TBF  = 100  seconds. 


\vitb  a 


2*  7. 5 Power  Distributiog  in  the  Gaussian  Beam.  - By  inspection  of  the  Gaussian 
distribution,  the  beam  width  at  the  half-power  points  is  2.4/  = 0.  6 of  the  beam  width 

at  l/e  points.  Skolnik's  derivation  for  A(7)  = cos^  (TT  z/2)  is  applicable  to  the 
Gaussian  distribution  to  a close  approximation,  and  will  be  used,  ■ , 


Let  P,  = the  total  power  in  the  Gaussian  beam, 


= angular  diameter  of  the  laser  beam  at  the  1/e^  power  density 
points  in  radians, 

= corresponding  solid  angle  of  the  laser  beam  = w 0 /4, 

t 

6 0^  " angular  diameter  of  the  laser  beam  at  the  half -power  points 

In  radians,  and 


.36^^  = corresponding  solid  angle  of  the  half -power  laser  beam. 

Then  the  peak  power  density  at  the  center  of  the  Gaussian  beam,  according  to 
Skolnik  is 


2.358Pt 


IT  » 2 

J(-Mj) 


watt  steradians 


-1 


or 


,667  xP,  1.852P 


.36  4. 


watt  steradians 


ITT  Reference  Data  for  Radio  Engineers;  fifth  edition,  pg  39-4,  or  fourth  edition 
pg  988  ’ 

2 

M.I.  Skolnik,  Introduction  to  Radar  Systems,  McGraw-Hill,  1962,  pg  267 
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Also,  by  inspection  oil  the  Gaussian  distribution,  at  a diameter 


one-half  that 


at  the  1/e  points,  the  power  density  is  0. 6 of  the 


peak  power  density,  as  noted 


in  paragraph  2.  l,  above.  Therefore,  the  power  density  at  the 


individual  scan  spot  is 


/ 


corners  of  any 


6 X 1.852  P. 


1. Ill  P 


- watt  steradian 

t 


Similarly,  the  peak  power  density  at  the 


center  jf  the  beam  returned  by  the  ‘ ' 


corner  cube  retroreflector  array,  in  watts  steradian'^ 


, will  be 


1.852 


total  power  (watts)  in  the  retroreflected  beam.  Since  i 


times  the 


cr 


pulse  from  transmitter  to  retroreflector 


the  transit  time  of  a laser 


to  receiver  is  much  smaller  than 


atmospheric  scintillation  cycle  times,  the  retroreflected  beam  may  be  presumed 
to  travel  the  same  path  as  its.  actual 


energy  traveled  from  the  transmitter,  and  the 
receiver  will  be  at  or  near  the  center  of  the  retroreflected  beam. 


2.  T.  6 ScintiUaflm^  . The  total  transmi.aaion  of  radiant  energy  over  any  rela- 


tively long  path  through  the  earth's  atmosphere  fluctuates  with  time,  but  the  energy 


received  is  always  less  than  the  energy  transmittpH 

rgy  transmitted.  For  conveinece,  the  attenuating 

influences  are  separated  into  two  concents  n \ a . 

concepts.  (1)  a steady-state  transmission  factor.  T . 


and  (2)  a fluctuating  "efficiency"  factor  to 


account  for  atmospheric  scintillation  effects 
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over  the  path,  K . It  is  unnecessary,  here,  to  discuss  the  mechanisms  involved 
sc 

in  producing  these  effects,  other  than  to  point  out  that  both  factors  are  pure 
numbers  less  than  one.  The  worst-case  minimum  allowable  value  of  the  product 
of  those  two  factors  will  be  a result  of  the  following  calculations. 


2.7.7  Calculation  of  Signal  and  Background  Currents.  - The  symbols,  definitions, 
and  numerical  values  of  terms  used  in  the  radiometric  equations  are  summarized^ 
for  convenience  in  Table  4-3.  , » 

The  signal  current  available  at  the  ITT  F4012  Vidis sector  tube  photocathode, 
in  electrons  per  second,  produced  in  the  GBAA  system,  when  the  retrorefiector 
array  on  the  aircraft  is  at  the  corner  of  one  of  the  square  acquisition  scan  spots, 
is 


1.111  P.T.  TK  1.852  N A T T K . ^ . 19 

, t t a sc  - cr  cr  cr  . a sc  . A T.T  K..xl.6xl0 

19  2-1 

3.292  x 10  P^N  A A^K.,  T.T  T.  T (T  K ) electrons  sec  . 

_ t cr  cr  r a;  t cr  f r a sc 

t ^cr  R 

The  average  photocathode  current,  in  electrons  per  second,  due  to  blue  sky 


background  within  the  receiver  instantaneous  field -of-view  is 


— 19  -1 

L,  =1.6x10  N A / A\  Ka  T.T  electrons  sec  . 
b brr  -'*^fr 

As  shown  in  ITT  Technical  Proposal  301530,  dated  27  October  1969,  for  this 
system,  the  threshold  photocathode  current  is 
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t he  total  photooathode  current,  l . is  the  solution  of  the  following  quadratic 

/ 

/ 

equation, 

[i'  Af  log^  4(1 -PD)  -2  = 0, 

and  the  minimum  signal  current,  required  for  system  operation  with  the 

probability  of  detection  and  time  between  false  alarms  used  in  the  previous 

> 

equations,  is 


This  last  quantity  is  to  be  compared  with  the  available  signal  current,  calculated 
by  means  of  the  first  equation,  above. 

2. 7. 8 Evaluation  of  Optical  Transmission.  - The  numerical  values  to  be  used  in 
the  calculations,  as  shown  in  Table  2-9  are  taken  generally  from  data  furnished  by 
the  suppliers  of  the  respective  items.  All  transmitting  glass  optical  surfaces,  except 
the  receiver  filter  and  the  Vidissector  tube  face,  are  assumed  to  have  the  OCLI  HEA 
antireflection  coating,  optimized  for  the  . 5145  micron  wavelength,  for  which  the  trans- 
mission factor  is  .997  per  surface.  The  transmission  of  the  filter,  T^=  .45,  includes 
surface  effects,  and  the  tube  face  (two  surfaces)  is  assumed  unooated,  with  4.4%  loss 
per  surface.  The  receiver  lens  manufacturer  quotes  its  transmission  as  81%. 


= t, 


If  K 


i) 


PMT 


•'u  log. 


TFA^f 
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Folding  mirrors  will  have  optimized  interference-type  reflection  coatings,  whose 
® • reflection  factor  is  99. 5%.  The  beam  deflector  mirrors  are  assumed  aluminized,  with 

reflection  factor  of  88%,  each.  The  effieiency  of  total  reflection,  such  as  in  the  corner 
• retroflectors,  is  taken  as  99.9%  per  reflection.  Transmission  through  glass  Is  laken 
as  1%  loss  per  10  cm  length  of  path. 

The  laser  output  used  ih  the  calculations  Is  the  mimmum  of  1. 7 watts  peak,  stated 
by  the  manufacturer.  However,  the  man.ifaoturer's  measurements  on  the  actual  ^ 

laser  furnished  showed  2.1  watts  tor  the.  5145  micron  TEM^^  operation.  Its  ' 

; beam  divergence  was  taken  from  catalog  information;  if  tests  indicate  a worse  case, 

I the  beam  deflector  optics  can  be  changed  appropriately.  • 


The  ITT -published  data  for  cathode  sensitivity  is  conservative,  and  cathodes  are 
consistently  made  ^vlth  considerably  higher  sensitivities.  Since  the  published  data 
for  S-20  photocafiodes  show  0.05  amperes  watt'^.  no  diffioulty  is  expected  in 
obtaining  K,  x = amperes  watt  tor  the  GBAA  application. 


The  scan  aperture  in  the  ITT  FW  4012  Vidissdotor  on  order  for  the  GBAA  project 
is  . 004  inches  square.  In  calculating  the  receiver  Instantaneous  field-of-view. 

« and  4-  . a 10%  allowance  was  made  for  electronic  focusing  of  this  aperture 
at  the  photocathode,  and  scan  spot . 0044  Inches  square  was  used. 


f 


I 
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The  value  of  N^,  the  radiance  of  a clear  daytime  sky  at  . 5145  microns  is  cited 

in  the  Journal  of  the  Optical  Society  of  America,  Volume  50,  December  I960,- 

-3  . -2  , -1  . -1 

page  1314  as  approximately  3 x 10  watts  cm  ster  micron  . 

/ 

2.  7.9  Calculations.  - Substituting  the  values  from  Table  3-1  into  the  equations 
of  paragraph  3.3,  the  following  results  are  obtained. 


‘ The  available  signal  photocathode  current  is 

I = 4.  584  X 10^^  (T  K electrons  sec 
n a sc  . •' 

The  average  background  photocathode  cui*rent  is 

- 8 , -1 
t,  = 3.039  x 10  electrons  sec 

b 

The  threshold  photocathode  current  is 

8 — 1 ■ 

I = 3.  375  x 10  electrons  sec  . 

t 

The  total  photocathode  current  is 

8 -1 

(,  = 3.468  x 10  electrons  sec  . 

■ • The 'minimum  required  signal  current  is 

7 -1 

• L = L - L,  = 4.285  x 10  electrons  sec  . 
s b 

Setting  the  available  equal  to  the  minimum  required  signal  current, 

7 10  2 

4.285  x 10  = 4. 584  x 10  (T  K ) , 

ci  SC 

then  the  minimum  product  of  atmospheric  transmission  and  atmospheric  scintil 
lation  efficiency  factor  is  . ' ' . 


T K = .031. 
a sc 


# 
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If  we  assume 


minimuniT  = 0.1,  then  Iho  miiumuir;  = 0.31  for 


probability  oi  detection  ol  0. 9 with  average  time  between  false  alarms  of  100 


seconds. 


The  calculations  show  tl 


that  the  system  will  operate  satisfactorily  under  a worst 


case  condition,  as  follows ; 

1.  Probability  of  detection,  0.  9; 

2.  Average  time  bet'.voen  false  alarms,  100'  seconds. 

3.  Eetroreflector  at  the  extreme  corner  of  an  acq’aisitlon  scan  spot. 

4.  Retroreflector  at  extreme  range  of  100, 000  feet. 

6.  Atmospheric  transmission  and  seintillatton  effects  combined, 

T K =0.031.  That  is,  for  an  atmospheric  transmission,  T^, 

a sc 

as  low  as  0. 1.  the  transmission  can  be  degraded  by  scintillation 
effects  by  an  additional  factor  of  = 0.31 
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SYMBOL 


TABLE  2-9.  DEFINITIONS  AND  VALUES 


DEFINITION 


VALUE 


I 

n 


O 


N 


cr 


cr 


r 

K.  . 

N, 


cr 


K 


sc 


0 


cr 


‘cr 


0. 


Peak  power  in  transmitted  laser  beam 

Number  of  corner  retroreflectbrs 

Active  area  per  corner  retroreflector 

Receiver  optical  collector  area 

Photocathode  response  at  . 5145  microns 

Radiance  of  background  at  filter  passband, 
taken  as  clear  daytime  sky 

Receiver  optical  filter  passband  at  . 5145  microns 

Transmitter  optical  transmission 

Corner  retroreflector  optical  transmission 

Receiver  optical  filter  transmission 

Receiver  lens  and  tube  face  optical  transmission 

Atmospheric  optical  transmission  (one  way) 

Efficiency  factor  to  account  for  atmospheric 
scintillation  effects  (one  way) 

Angular  diameter  of  transmitted  laser  beam 
at  1/e^  power  density  points 

Solid  angle  subtended  by  0 ' 

Angular  diameter  of  retroreflected  laser 
beam  at  l/e^  power  density  points 


1.  7 watts 


N A = . 33  ft. 
cr  cr 


2 . 


2 2 
, 053  ft.  or  49. 5 cm 


. 065  amperes  watt 


-1 


Solid  angle  subtended  by  0 


cr 


Angle  of  one  side  of  square  receiver 
instantaneous  field -of-view 


-3  -2  -1 

3 X 10  watt  cm  ster 

micron"^ 


. 002  microns 

.749 

.99 

.45 

. 74 

TBD 


TBD 


3. 86  milliradians 
-5 

1.17x10  steradian 


. 02  milliradian 

2. 95  X 10  steradian 


1.7  milliradians 


Q 
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TABLE  2-9.  DEFINITIONS  AND  VALUES  (Continued) 


SYMBOL 

DESCRIPTION 

• 

Solid  angle  of  square  receiver 
. instantaneous  field-of-view 

/ 

R 

Maximum  distance  from  transmitter  and 
receiver  to  corner  retroreflector 

X 

Laser  wavelength  (TEM  mode) 

oo 

t 

Transmitted  pulse  duration 

Receiver  system  bandwidth 

ir 

Pi 

VALUE 

2,96  X 10~^  steradians 

10^  feet 

.5145  micron 
•6 

15  X 10  * second 
5 X 10^  Hertz 

■r 

3.14159 


KpMT  Photomultiplier  dynode  noise  factor 

TFA  Time  between  false  alarms 

PD  Probability  of  detection 

M 

tg  Signal  photocathode  current,  electrons  sec”^ 

Background  photocathode  current, 
electrons  sec~^ 

* Threshold  photocathode  current,  electrons  sec 
I Total  photocathode  current,  electrons  sec  ^ 


1.6 

100  seconds 

0.9 

TBD 

TBD 

TBD 

TBD 


2.7. 10  Radiometric  Equations.  - The  factors  of  interest  are  the  radiance  of 
the  background,  T , the  transmission  of  the  air-path  between  the  GBAA  and  the 

Si 

aircraft- mounted  retroreflector,  and  K \ an  additional  multiplying  factor  to  account 

sc 

for  the  minima  reached  in  energy  transferred  along  this  air  path,  due  to  atmos- 
pheric scintillation  alone.  The  controllable  factors  of  interest  are  the  range,  R, 
the  probability  of  detection,  PD,  the  time  beSween  false  alarms,  TFA,  and  the 
characteristics  of  the  retro-reflector  array,  as  represented  by  the  number  of 

retroreflectors,  A , the  effective  area  of  a single  retroreflector,  and  T , the' 
cr  o 1 

optical  transmission  of  the  retroreflector.  The  quantity,  N A T , is  treated 

cr  cr  cr 

as  a single  \'ar.Uble  herein;  diffraction  of  the  retroreflector  is  a function  of  A , 

cr 

/ 

and  is  considered  constant.  . 

The  radiometric  equations  reduce  to  the  following,  when  all  items  considered 
constant  are  combined  and  designated  C , C , C , and  C . 

1 A o 4 


Available  i = 
s 


C,  N A T (T  K ) 
1 cr  cr  cr  a sc 

r" 

N electrons  sec 

M o 


electrons  sec 


1/2 


-1 


t.  + ( C_  L,  log  r C , TFA  j ) electrons  sec 
b o b e ■ 4 


-1 


(1) 

(2) 

(3) 


^ t [Cg  (log^  4(1-Pn)  ) - 2 1-f  L^  =0. 


Required  ^ ” ‘’b  ' 


(4) 

(5) 
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Now,  let  G = 


(6) 


NAT  (T  K ) 
cr  cr  cr  ' a sc 


R 


Then  t = C,  G. 

^ . s 1 • 

Let  Z = Cg  [ log^  4 (1  - PD)  1 - 2 l ^ . 

- Z + y Z^  - 4 t f 
Then  i.  = r 


(Use  positive  root  only). 


(7) 

(8) 

(9) 


Setting  available  t equal  to  required  t,  > 
s s 


t, 


G = 


(10) 


The  four  constants  are  evaluated  as; 


•31 

= 1.3932  X 10 
• 11 

02=1.013x10  , 

C_  = 2. 513x10®  , 

U 


and  C = 2. 5 X 10  . The  appropriate  units  have  been  used  in  this  evaluation. 


Equations  (2),  (3),  (8),  (9),  and  (10)  were  entered  into  a computer,  and 
computations  were  made  for  various  values  of  probability  of  detection  and  time 
between  false  alarms,  and  for  background  radiances  ranging  from  daytime  blue 
sky  to  sunlit  clouds.  The  results  are  plotted  on  Figure  2-26, ••  sheet  1,  of  the 
attached  graphs,  which  show  the  probability  of  detection- versus  the  "G"  factor 
defined  in  e.quation  (G).  To  aid  in  interpretation  of  these  results,  the  relations 
between  the  factors  comprising  "G"  are  plotted  on  sheet  2 of  the  figure. 
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Figure  4-68  (Sheet  2 oi  2) 


As  an  exa,*nple  of  the  use  of  these  results,  consider  the  case  calculated 
in  the  8-G-70  report.  The  conditions  of  this  case  are  as  follows: 


R - 10  ft.  (maximum  range) 
Ter-  0.99 

~ 0. 003  wcm  ^ ster~^ 


at  0,  5145  microns  (blue  sky)  . 

T^=0.1 

> 

K = 0.31 
SC 

TFA  = 100  seconds 

Enter  sheet  2 at  100, 000  ft.  range.  The  curve  for  = 0. 1 intersects  this  at 
the  normalized  value  G « 9. 61  x lo'^"*.  This  value  must  be  muUiplied  by  the  retro- 
reflector  characteristics  = . 3267,  resulting  in 


G = 3. 14  X 10  . 

Now,  enter  sheet  i at  this  value  of  G.  This  intersects  the  curve  for  = o.  003  and 
TFA  - 100  at  a probability  of  detection  slightly  higher  than  0.90. 


The  curves  plotted  on  the  attached  graphs  can  facilitate  predictions  of  the 
operation  of  the  BGAA  system  for  many  other  conditions.  In  general,  and  as  expected, 
factors  which  increase  the  "G''  factor  increase  the  probability  of  detection.  The 
system,  as  designed,  has  low  sensitivity  to  relatively  large  changes’ in  time  between 
false  alarms.  Decreasing  the  sky  background  radiance,  enhances  the  probability 
of  detection  greatly. 
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It  is  pointed  cut  that  the  curves  are  calculated  for  the  case  where  the 
scintillation  factor  is  K =0.  31,  a rather  pessimistic  value.  This  factor 
isi  mathematically  identical  in  effect  to  the  atmospheric  optical  transmission 
in  equation  (6),  and  will  shift  the  curves  of  sheet  2 in  the  same  manner.  Thus, 
when  other  conditions  are  marginal,  scintillation  can  aid  or  inhibit  target 
acquisition,  its  effect  depending  upon  the  statistics  of  the  percentage  of  time 
its  value  drops  below  0, 31. 
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2.8  GBAA  System  Design. 


MS'iiy  system  design  decisions  have  been  made  in  the  previous  work,  as  snown 
in  Table  2-10.  These  are  the  starting  points  for  the  present  work,  and  the  justifi- 
cation for  these  parameters  is  not  included  herein. 

The  purposes  of  the  present  work  are  to  update  the  optical  design  of  the  laser 
transmitter,  including  its  beam  deflector,  and  to  calculate  the  radiometric 

f 

performance  of  the  GBAA  system.  Transmitter  optics  are  shown  in  Figure  2-27. 

TABLE  2-10.  GBAA  SYSTEM  PARAMETERS 

Transmitter 

Laser,  Britt  Model  2000A  Burst  Argon  Laser 

TEM  0.  5145  micron  wavelength 
, oo  . 

t ’ 

Pulse  width:  15  microseconds 

Repetition  rate:  1000  Hertz 

Minimum  peak  power:  1.7  watts 

/ 2 

Beam  diameter  at  1/e  intensity  points:  0.  079  inch 

Beam  divergence  (before  deflector  optics):  0.75  milliradian 


TABLE  2-10.  GBAA  SYSTEM  PAR/iMETERS  (Continued) 

Receiver 

ITT  F4012  Vidissector  Tube  with  S-20  photocathode 

Cathode  minimum  sensitivity  (selected)  at  0.5145  microns,  .065  amperes 

. • per  watt 

Tube  scanning  aperture,  square,  . 004  inch  per  side 

Lens,  DeOude  Delft  ’’Rayxar”  E 65/0.75,  serial  No.  L09172,  efl  65  mm, 
f/0.  75,  measured  entrance  pupil  3. 125  inches  diameter 

4 - . 

. System  bandwidth,  Af  = 5 x 10  Hertz 

1 ‘ 

Optical  filter  bandpass  at  0. 5145  microns,  = 0. 0020  microns  , 

Retroreflector  Array 

Glass  '’corner  reflectors,  ” mounted  on  aircraft 

' V 

2 

Total  effective  area,  A = 0. 33  ft  . ' 

• - cr 

Beam  spread  after  retroreflection,  ^ =4  arc  sec  included  angle, 

CIT 

-10 

or  0.02  milliradian  diameter  or  2. 95  x 10  steradian  solid  angle 
Operating  Parameters 

Acquisition  and  tracking  total  field -of -view,  square  10°  x 10° 

Scan  lines  per  raster;  128  " 

Scan  steps  per  scan  line:  128 

Scan  fly-back  time:  12. 5%  of  line  time 

4 5 

Distance,  transmitter  and  receiver  to  aircraft,  3 x10  < R c 10  feet 
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Figure  2-27.  GBAA  Transmitter  Optics 


2. 8. 1 Transmitter  Optical  Design. 

2. 8. 1.1  Transmitter  Output  Beam  Divergence.  - In  the  TEM^  mode,  the  distribu- 
tion of  laser  beam  power  across  the  beam  follows  tie  Gaussian  curve,  and  the  beam 

‘ . 2 

diameter  is  defined  as  the  diameter  at  which  the  power  density  falls  to  1/^  or 
13. 5%  of  the  maximum  power  density  in  the  beam,  as  shown  in  Figure  2-28. 


Note  that  the  beam  diameter  at  the  half-power -density  points  is  approximately  .6 

of  that  at  the  l/e  points,  and  that  the  power  density  corresponding  to  a diameter 

2 

of  one  half  that  at  the  l/e  poi  nts  is  approximately  . 6 of  the  maximum  power 
density.  These  two  approximations  are  used  later  in  this  discussion.  See  ITT 
"Reference  Data  for  Radio  Engineers, " fifth  edition,  page  39-4,  for  information 
cjn  the  Gaussian  distribution.  If  atmosphere  turbulence  is  absent,  the  Gaussian 
distribution  of  beam  power  holds  at  any  appreciable  distance  from  the  transmitter. 
Turbulence  effects  will  be  discussed  later. 
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Since  the  10^  x 10*^  raster  contains  128  lines  of  ?.28  scan  spots  each,  each  scan 

spot  will  be  a square  0.0781°  or  1.  364  milliradians  on  a side.  (Note  that  both  the 

transmitter  beam  and  the  receiver  instantaneous  field -of-view  are  larger  than 

this.)  The  diagonal  of  each  individual  scan  spot  is  1.  928  milliradians.  In  the 

worst  case,  the  corner  reflector  will  be  located,  at  one  corner  of  the  square  scan 

spot.  Since  the  transmitter  beam  is  non-uniform  over  its  crossection.  It  is 

reasonable  (but  arbitrary)  to  decide  that  the  power  density  at  the  spot  corner 

must  be  not  less  than  0.6  of  the  power  density  of  the  control  maximum.  As  shown 

2 

above,  this  diameter  is  one-half  the  beam  diame';er  at  the  1/e  points.  Therefore, 
the  transmitter  beam  diameter  shall  be 

^ = 2 x 1. 928  = 3. 856  milliradian  included  hngle 

2 

or  4'^  = ^ (3.856  x 10  = 1.168x10  ^ steradian  solid  angle. 

2. 8. 1.2  Beam  Deflector  Optics.  - The  piezoelectric-driven  beam  deflector,  with 
an  associated  optical  system,  has  been  furnished  as  Government- Furnished 
Equipment  (GFE)  to  the  GBAA  project.  It  is  shown  schematically  in  Figure  2-29. 


INPUT 

Folding 

Mirror 


. Two -Axis 
Beam  Deflector 


Figure  2-29.  Beam  Deflector  Optics 
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The  output  beam  deilection  is  determined  by  the  beam  deflector  moveanent  and 

the  ratio  L/  . Tie  beam  deflector  mirrors  move  +20  arc  minutes,  and  the  laser 
fo 

I • 

beam  in  the  location  of  ”L”  moves  +40  arc  minutes.  It  is  required  that  the  output 

/ 

beam  deflect +5  degrees.  Therefore, 


^ _ 7 5 which  determines  the  focal-  length  of  the  output 

f 40  , 

o'  . ■ . . • . 

lens,  f , other  factors  being  set. 

« 

NOTE:  The  two  deflector  mirrors  are  near  each  onher,  but  at  different  distances 
”L"  on  the  optical  axis.  Use  the  shorter  ”L"  in  the  calculations.  This  implies 
that  slightly  less  drive  voltage  is  required  for  the  deflector  having  the  larger 
distance,  inversely  as  the  ratio  of  the  respective  distances. 

The  optical  system  is  essentially  two  telescopes,  back-to-back,  and  the  output 
laser  beam's  divei  gence,  (t  Nvill  be  the  divergence  of  the  input  beam,  <t> 
multiplied  by  the  magnification  of  the  system. 

f F 

^ 1 o_ 

■ '“i  F,  • f 
1 o 

From  construction,  = 220  mm 

F = 381  mm 
o 

L = 312  mm 


Calculating, 


L 312  f 

f = = TTc  = 41.6  mm 

o 7.5  7.5 


I 

\ 
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♦ 


Use  a 40  mm  Barasden  loloscope  eyepiece  tor  this  leas,  since  it  has  less 

aberrauonsthnnalluyscnseyepicee,  and  U readily  available.  Therefore. 


f a 40  mm. 

o 


From  Table  1-1,  = 0.75  milliradian.  and  trom  paragraph  2. 1 

0 B 0 as  3,856  milliradiaiis.  . 

o t 

• * • * ♦ 

\ V 

f 3.856  X 220  jnm,  , 

*1  0.75  x381 

This  lens  can  be  a simple  bl-convex  lens,  such  as  Edmund  Scientific  Company 
No.  94388,  which  has  114  mm  focal  length  and  29  mm  diameter.  Only  the  central 
2 or  3 mm  ot  this  lens  would  be  used.  Note  that  the  beam  deflecUon  scale  factor 
is  set  by  the  output  lens,  f^,  and  that  the  beam  divergence  is  set  by  the  input  lens, 
after  the  output  lens  has  been  selected. 
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2.9  Additional  Laser  Candidate  Consideration 

' ' ' ' / 

The  purpose  of  this  discussion  is  to  extend  the  consideration  of  candidate 
lasers  to  include  an  analysis  of  the  applicability  of  a neodymium  doped  yttrium 
aluminum  garnet  (NdrYAG). 

The  equations  previpusly  developed  will  be  utilized.  The  parameters  of 
optical  system  size,  filter  and  atmospheric  transmission,  number  of  retroreflectors 

V 

etc.  V remain  the  same.  New  parameter  values  are  listed  below: 

1.  N.  = 7 X r (Blue  sky  @ 1. 06  ,u ) 

cm  - ster  - 

2.  = 0.002[i  (20  5 bandpass  filter), 

-4  • 

3.  K = 4 X 10  amp/watt  (S-1  photocathode) 

4.  py  - 0 (i.  e. , no  overlap  in  y direction  - overlap  will  be 

provided  by  increasing  tlie  transmitted  beam  size,  as 
part  of  a trade-off,  as  discussed  later). 

Using  equation  (9)  from  the  original  report, 

11^  2 

N=142.  From  Eq.  (6),  = 0.0774  deg.  Then,  { A<P)  = 

q 9 .C 

5.93  X 10  deg“  or  1.825  x 10  steradians.  From  Eq.  (19),  Af  = 

5 - 5 

5 X 10  Hz.  From  Eq.  (15),  i,  = 1. 97  x 10  electrons/sec.  Substituting 

g t)  ' 7. 

Eq.  (20),  i = 3.10x10  electrons/sec.  From  Eq,  (21),  i=  1,36x10 

^ 7 

electrons/sec,  and  from  Eq.  (22),  i is  equal  to  1,34  x 10  electrons/sec, 

s 

Note  that  Ihe  background  current  is  very  small  compared  to  the  required 

signal  current.  From  Eq.  (26),  the  required  flux  density  at  the  ground 

-10  -2  -7  • 2 

FD  G = 1, 74  X 10  watts/cm  , or  1.62  x 10  watts/ft  , Substituting 

in  Eq,  (31),  using  range  R ^ 10^  ft,  P = 4 x lO’’^  x 10^^  x 1.  825  x lO'®  x 

1.62x10  ^=11. 8 watts. 


2-108 


The  use  of  a eommerciaUy  available  Nd;YAfi  laser  In  the  Ground  Based 
Acquisition  Aid  is  now  discussed. 

The  Coherent  Radiation  Laboratories  Model  60  Nd:  YAG,  with  Model  460 
Q-switch.  is  speeified  to  produce  400  watts  (Peak)  pulses  of  nominal  1 psec, 
duration  at  1000  pps.  The  price  for  the  laser  wittout  the  Q-switch  is  about 
$10,000,  The  head  is  8 in.  wide,  6 in.  high,  and  30  in.  long,  and  weighs  50  lbs.  • 
the  results  of  the  analysis  above,  11. 8 watts  peak  power  were 
required  lor  the  10*  ft.  range,  so  400  watts  available  from  the  Model  60  laser 
gives  a factor  of  34  to  trade-off.  The  number  of  cube  corners  could  be  reduced 
to  4 from  16,  requiring  4 times  as  much  power.  Also,  the  transmitter  solid  angle 
could  be  expanded  4 times  to  faciUtate  tracking,  1.  e. , permit  "dithering"  the 
taage  dissector  tvithout  requiring  "dithering"  of  the  laser  beam  deflectors.  This 
reducUon  of  excess  power  by  4X  for  fewer  cube  corners  and  4X  for  larger  trans- 
mitter angle  thus  leaves  an  excess  power  factor  of  34/16  or  2. 1.  This  permits 
operation  under  sUghUy  lower  atmospheric  transmission  conditions,  or  sUghtly 

lower  perfonriance  of  any  of  the  system  component . 

The  above  analysis  indicates  that  a NdrYAG  laser  could  be  used  for  the 


Ground  Based  Acquisition  Aid. 

It  should  be  noted  that  the  high  power  requirements  at  1. 06  microns  are 
caused  by  the  low  quantum  efficiency  of  available  dstectors. 

Frequency  doubling  of  the  1. 06P  radiation  (to  permit  operation  where  detectors 
are  much  more  sensiUve)  by  non-linear  effects  in  certain  crystals,  with  high 
efficiency  in  the  intracavity  configuration,  has  been  achieved.  One  such  system 
which  ivUl  soon  be  available  eommerciaUy  is  the  Chromatix  Model  lOOOD  Nd;YAG 
User  with  AcousUo  Q-swltch  and  H 10^  frequency  doubler,  using  the  Model  1090-1 
current  reguUtor.  This  unit  uses  continuous  operation  of  the  krypton  arc  Ump  for 
pumping,  and  Q-sivitchlng  at  between  360  and  3. 600  pps.  The  peak  output  is  about 
360  watts  (TEM  ).  and  pulse  length  about  200  nanoseconds.  Price  is  about  $23,000 
with  deUveiy  estoated  at  120  days.  The  User  head  dimensions  are  10. 25  x 6. 31 
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X 27.25  inch,  and  its  weight  is  40  pounds.  Cables  and  moderately  stiff  cocu.^at 
carrying  tubing  are  attached  to  the  head  and  may  put  excess  torque  on  a telescope 

mount  designed  for  arc  second  tracking  accuracy. 

Cost  and  delivery  schedule  prevented  use  of  this  laser  approach.  , 
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Sassau 


3.  AIRBORNE  OPTICAL  COMMUNICATIONS  PACKAGE  (AOCP) 

3-  1 General 

1.  1 runctional  Description.  - The  AOCP  is  a laser  transceiver  system 

» 

providing  the  capability  of  duplex  communications  and  includes  acquisition, 
tracking,  pointing,  and  atmospheric  scintillaiion  monitoring  subsystems. 
Figure  3-1  is  the  AOCP  hardware  tree  showing  the  various  system  elements 
and  their  relationships.  Included  is  a cescription  of  the  TV  acquisition  aid 
subsystem  which  utilizes  an  ITT  owned  TV  csmera  and  tracking  system. 

• The  AOCP  design  specifications  werp  determined  early  in  the  pro- 
gram as  a result  of  several  planning  meetings  held  at  NASA/MSFC  between 
ITTG  technical  personnel  and  the  AVLOC  principal  investigation  team. 

Table  3-1  gives  a complete  list  of  the  AOCP  specifications.  These  final 
system  specifications  did  not  vary  appreciably  from  those  set  forth  initially, 
although  some  were  made  more  complete  or  more  stringent  as  the  operational 

environment  becamse  better  defined. 

Figure  3-2  shows  the  AOCP  unit  mounted  in  its  test  fixture.  This 
equipment  view  shows  the  receiver  collection  aperture  and  the  concentric 
folding  mirror  and  periscope  path  to  the  TV  acquisition  aid.  The  coordinate 
reference  frame  is  also  defined  in  this  view.  The  x-axis  is  directed  along 
the  line  of  sight  and  the  position  sensing  is  in  the  orthagonal  y.  z plane.  It 
should  he  noted  that  the  transmitter  aperture  is  offset  from  the  center  of  the 
cassegranian  receiver  collector  and  located  in  the  center  of  the  annulus.  The 
reason  for  this  is  to  avoid  a central  obscuration  in  the  transmitted  beam. 
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OPTICAL  APERTURE,  AOCP  ‘ 3.  88  inch  diaip.eter  (9.  85  cm) 

RECEIVER- TRACK/COMMUNICATIONS 


Detector  Type  ITT  4012 

Spectral  Response  S-20 

Minimum  Detectable  POWSr  1 x 10"  1 2 watt  at  photooaiihbdclc 

Fine  Acquisition  FOV  0.  5 x 0.  5 degree 

‘ (8.  7 mr  x 8.  7 mr) 

Instantaneous  FQV  18  x 18  arc  sec 

(87,  3 prad  x 87.  3 pirad) 


Effective  Focal  Length 
Acquisition  Frame  Rate 
Scan  Format 


1.13  meters 
1 Frame /sec. 

128  X 128  element  digital 
raster 

» t *■ 
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TABLE  3-1  - (Cor.tinued) 


Track  Scan  Type 

partial  scan-cruciform 

Track  Scan  Rate 

' 16  kiloHertz 
/ ^ 

Track  Bandwidth 

/ 

' up  to  1000  Hz 

Tracking  Accuracy 

f 

0.  2 arc  seconds  rms 

Receiver  Attenuation 

30/1  variable 

Coinmunications  Bandwidth 

50  kiloHertz 

« 

Modulation  Type 

10.7  MHz  subcarrier  FM 

Optical  Wavelength 

0.  488  micrometer 

Optical  Bandpass 

^l.Onmeter 

Tracker  Signal  Dynamic 

• 

Range 

60  db 

Tracker  AGC  Bandwidth 

300  Hz 

^ Optical  Transmission 

. 15 

RECEIVER- SCINTILLATION  MONITOR 

Detector  Type 

Photomultiplier  RCA  8644 

Field  of  View 

0.  5 X 0.  5 deg ree 

(8,  7 mr  x 8,  7 mr) 

Dynamic  Range 

60  db 

Bandwidth 

5 kHz 

Output  s 

1.  baseband  linear 

2.  10.  7 MHz  linear 

3.  10.  7 MHz  log 
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TABLE  3-1  - {Contir.ued) 


Effective  Aperture 
Ratio  of  Aperture  Variation 
Optical  Bandwidth 
Optical  Wavelength 
Optical  Transmission 

POINTING  SUBSYSTEM 
Beam  Steerer  Type 

Bandwidth 

Steering  Angle  Range 
Closed  Loop  Painting 

transmitter 

Laser  Type 
Laser  Power 
Wavelength 
Beam  Divergence 
Modulator  Type 

Modulation  Format 
Modulation  Index 

Data  Rate 
Weight 

Power  Consumption 


3.  8 inch  diameter  (9.  85  cm) 
100/]  in  area 

1 nmeter 

0,488  micrometer 

0.2 

Torquer  driven  mirror-Flex 
pivot  mounted 

240  Hz 

0.  5 degree  two  axes 
S 1 arc  second  peak-to-peak 

HeNe 

5 mw.  TEMqq 
■ 0.  6328  micrometer 
5 to  120  arc  seconds  variable 
Transverse  field-electro- 
optical  KD»!«P 

OOK 

75  percent -variable  operating 
point 

30  Mega  bits/second 
16 7, pounds  (excluding  RER) 

200  watts 
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Figure  3-i.  AOCP  flar.lware  Tree 


Figure  3-2.  AOCP  Flight  Package  in  Test  Fixture 
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A more  thorough  analysis  of  this  effect  is  given  in  a latter  section  of  this 


respot.  , ‘ ‘ 

^ » 

The  operation  of  the  AOCP  can  be  understood  by  reference  to 
Figure  3-3  which  shows  the  system  functional  block  diagram.  • j . 

3.1.2  Mechanical  Packaging  of  AOCP.  - The  Aircraft  Optical  Communica- 
tions Package  (AOCP)  is  subjected  to  operating  in  an  environment  that  is 
most  hostile  to  precision  electro/optical  devices.  The  altitude,  which  causes 
wide  pressure  vai  ialions;  temperature  variations;  and  vibration  are  the  three 
main  enemies  of  any  precision  E-O  device.  All  three  of  these  factors  are 
present  in  the  AOCP  operating  environment  and  have  established  the  packaging 
rationale.  Figures  3-4,  3-5,  and  3-6  show  the  layout  of  coignponents  of  the 
AOCP. 

The  two  basic  assemblies  most  affected  by  the  operating  environment 
are  the  Laser/Modulator  package,  and  the  basic  optical  package.  The  pack- 
aging rationale  for  each  of  these  shall  be  discussed  in  turn. 

The  AOCP  mechanical  structure  is  formed  from  a hogged- out  ribbed 
aluminum  block  to  maximize  strength  and  alignment  stability.  All  optical 
elements  are  mounted  directly  to  the  main  plate  on  either  the  top  or  bottom 
levels.  The  laser  compartment  was  designed  so  that  a 15  pound/ square  inch 
pressure  loading  would  not  deform  the  laser/modulator  mounting  plate  and 
cause  a boresight  error  between  the  transmitter  and  receiver.  Figure  3-4 
shows  a view  of  the  AOCP  top  level  with  the  laser  compartment  cover  removed 
and  indicates  the  location  of  the  various  system,  components  and  assemblies. 


3-8 


6906-118 
KEV  I 


RECEIVER 


CONVCtrit 

r AMPi  6 

OCIECtC* 


SCINTILATION  MONITOR 


POWER 

SUt-$YSTEM$ 


♦ 28  VOC 
REGUIATIO 


RASE  RAND 
OUTPUT 


RASE  RAND 

amplifier 


* 28  VOC 
UNREGULATED 


♦28  VOC  UNREG 


6^5  I' 

SCINTILLATIO- 
MONITOR  I I 


OUTPUTS 


ream  DIVERGENCE  POSITION 
TV  TRACKER  FILTER  POSITION 
RECEIVER  ATTENUATION  POSITION 
SCINTILLATION  MONITOR  APERTURE  POSITION 
LASER  SHUnER  POSITION 
TV  CAMERA  VIDEO 

ty,  Ej  TRACKER  SIGNALS  TO  RECORDER 

Ey,  Ej  TRACKER  SIGNALS  TO  CCSD  GImbaL  DRIVE 

REACON  PRESENSE  SIGNAL 

ream  STEERER  HOLD  signal 

SCINTILLATION  MONITOR  BASEBAND  SIGNAL 
SCINTILLATION  MONITOR  10.2  MHi  LOO  SIGNAL 
SCINTILLATION  MONITOR  10.7  MHi  LINEAR  SIGNAL 
LASER  POWER  MONITOR  SIGNAL 


REACON 

PRESENCE 


ACQUISITION 

SCAN 

GENERATOR 


DEFLECTION 

AMPLIFIER 


TRACK 

DEFEAT 

(3> 


TRACK 

CIRCUITRY 


REACON 

PRESENCE 


SIGNAL 

SEPARATION 

FILTER 


IMAGE 

DISSECTOR 

DETECTOR 


MODULATION 
OUTPUT  TO 
APOLLO 
COMAAAND 
DECODER 


command  inputs 


TRACKING  AND  POINTING 


digitally  cooed  MODULATION 
REAM  DIVERGENCE  COMMAND  (1-6) 

LASER  SHUnER  OPEN/CLOSE 
TV  TUCKER  FILTER  IN/OUI 
RECEIVER  ATTENUATION  M-4) 

SCINTILLATION  monitor  APERTURE  STOP 
INADUT 

TUCK  DEFEAT 

ream  STEERER  ON/QFF 

RORESIGHT  ADJUST  , X_ 


TUCKING 

ERROR 

FILTER 


TUCK  LUIOR 
SIGNALS 
TO  RECOROlP 


OUTPUT  TC 


i 

I 


3-9/10 


V 


CONNECTOR  PIATE 


TEST  POINT 
BOARDS 


APOLLO 
COMMAND 
RECEIVER 


REMOTE  BORESIGHT 

CONTROL 

ELECTRONICS 


TARGET  PRES  GEN 
& FOCUS  REQ 


BEAM  STEERER 
ON/OFF/AUTO 
SWITCH 

10.7  MHz  AMPL 
+ 32  KHz  AMPL 

AZ  ERROR  GEN 


CLOCK  & TRACKER 
TIMING 

AZ/EL  RAMP/STEP 
GENERATOR 


FOLDING  MIRROR, 
MODULATOR,  ADJ 

USER  MODUUTOR 

FOLDING  MIRROR, 
USER,  ADJUSTABLE 

He  Ne  USER- 


EL  ERROR  GEN 


\ i (I  r-  .. 


POWER  SUPPLY 

ACQ  AID  AUTO 
IRIS  & NB  FILTER 
ASSEMBLY 

PERISCOPE,  TV 
ACQ  AID 


GUN-THOMSON 

POURIZER 

SOLEIL  - BABINET 
COMPENSATOR 

MODUUTOR 

DRIVER 

DIVERGENCE 

POSITION 

CONTROL 


Figure  3-4.  AVLOC  Flight  Package  Top  View  (Cover  Removed) 
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Figure  3-6.  AVLO<^.  Flight  Package  Bottom  Vi*»w  (Cover  Removed) 


A more  detailed  description  of  the  mechanical  design  of  the  transmitter 
compartment  will  be  given  in  a later  section  of  this  report. 

• ^ i 

^ ^ Laser/Modulator  Package.  - The  laser  itself  is  a commercial  unit 

i 

adapted  to  the  AOCP  and  as  such  is  not  designed  to  withstand  any  of  the 
deformations  caused  by  pressure  variations.  These  pressure  variations 
introduce  misalignment  in  the  laser  itself  and  severely  degrade  performance. 
To  eliminate  these  deformations,  as  approach  was  necessary  that  would 
maintain  a stable  environment  for  the  laser. 

. The  approach  taken  in  the  laser  modulator  package  is  to  have 
the  laser,  the  laser  modulator,  and  associated  optics  all  mounted  on 
a rigid  baseplate.  This  baseplate  has  large  openings  machined' 
through  it. and  the  bottom  of  the  package  is  closed  via  a steel  dia- 
phragm. The  remainder  of  the  package  is  enclosed  in  an  aluminum 
container  which  is  ribbed  to  preserve  its  structural  shape  and  to 
ensure  that  the  O-ring  sealing  surfaces  are  not  distorted.  In  opera- 
tion, the  entire  package  is  pressurized  at  1 atmosphere  constantly. 

Any  pressure  variations  are  compensated  for  by  the  diaphragm.  Thus 
the  volume  of  the  Laser /Modulator  package  i s constantly  changing  as 
a function  of  external  pressure  changes  causing  the  diaphragm  to  flex 

the  net  result  is  a constant  pressure  environment  for  these  critical 
components. 
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Since  the  temperature  variations  also  cause  pressure  changes, 
compensation  for  these  temperature  induced  pressure  variations  are 

also  compensated  for  by  the  diaphragm  technique. 

/ 

This  entire  package  has  been,  tested  in  a vacuum  environment  n- 
(ip”^  TORR)  c,nd  has  demonstrated  the  soundness  of  this  approach. 

3,2.2  Optical  Package.  - The  optical  package  itself,  to  which  the  laser/ 
modulator  package  is  affixed,  is  a complex  and  densely  packaged  unit. 
The  constraints  of  the  program  in  terms  of  time  and  costs  predicated  a 
"Building  Block"  approach  to  the  design.  Rather  than  fabricate  an 
intricately  machined  housing  with  a multiplicity  of  integrated  optical 
devices,  a baseplate  design  was  utilized  which  permitted^ all  other 
devices  to  be  fastened  to  it  as  discrete  components.  This  is  a very 
cost  and  time  effective  method  of  packaging  an  engineering  type  of 
unit  as  it  permits  concurrent  discrete  parts  fabrication  and  also  lends 
itself  well  to  the  myriad  modifications  necessary  on  an  engineering 
unit.  It  was  possible  to  modify  an  individual  element  without  com- 
pletely disassembling  the  entire  unit. 


The  basic  concept  then  required  a rigid,  reasonably  light 
baseplate  or  "Optical  Bench",  if  you  will,  to  which  all  other  compo- 
nents were  attached.  A wrought  aluminum  billet  was  procured  for 
the  baseplate  and  was  extensively  machined  on  both  top  and  bottom. 
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The  net  result  was  a light  yet  rigid  baseplace  with  high  webbed  walls  around 
Its  periphery  and  with  considerable  internal  webbing.  Thisyielded  a light, 
rigid  structure  that  was  not  too  difficult  to  fabricate  and  yet  had  the  high 
degree  of  torsional  rigidity  so  vital  in  any  optical  system.  The  billet  was  a 
rough  machined,  stress  relieved,  and  then  finish  machined.  This  ensured 
Uxe  long  term  stability  required.  The  baseplate  could  have  been  fabricated 
out  of  a weldment  of  brazement  but  the  fabrication  of  the  weldment  , ; 

pieces,  welding,  heat-treating  and  subsequent  finish  maching  and 
stress  relieving  would  constitude  a longer  fabrication  cycle  without  the 
dimensional  stability  inherent  in  a homogeneous  billet.  - 

Once  the  base  plate  was  fabricated,  all  of  the  other  elements 
of  the  electro/optical  train,  which  had  been  fabricated  concurrently,  were 
fastened  to  it  as  completed  subassemblies.  These  subassemblies  mount 
via  precision  interface  and  have  sufficient  adjustment  capability  built  into 
them  to  facilitate  accurate  system  alignment. 

The  entire  optical  baseplate  is  then  enclosed  top  and^bottom. 

Mounting  ears  are  provided  to  interface  with  the  carrying  vehicle.  These 
ears  provide  a three-point  suspension  in  the  vehicle. 

Figure  3-7  shows  the  AOCD  mechanical  package  configuration  with 

the  outline  dimensions  and  approximate  eg  location. 

3,  2 Common  Optics  Subsystem 

The  common  optics  subsystem  includes  the  cas segranian-catadioptric 
objective  lens,  the  collimating  lens,  the  beam  steerer  mirror,  and  the 
dichroic:  beam  combiner.  {See  Figure  3-8.) 
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The  catadioptric  objective  lens  serves  as  the  system 
..antenna.  This  lens  system  was  manufach.red  by  Wiley  Optical  Co. 
from  a design  lor  NASA/GSFC.  The^nitial  design  specifications 
,vere  for  a compact  (short  length)  0.  2 degree.  (0.  035  radians)  field  of 

view  with  resolution  defined  by  the  Rayleigh  criteria  of  better  than 

z arc  seconds  (10  x lO'^  radian).  The  objective  lens  focal  length 

is  nominally  25  inches  (63.  5 cm)  and  clear  aperture  of  3.  88  inch 

(9.  85  cm),  giving  a numerical  aperture  ratio  of  f/6.  The  objective 

lens  is  a modified  Schmidt  design  shown  schematically  in  Figure  3-9. 

The  total  system  length  was' 6 inches  (15.  24  cm)  which  made  an 

nnusually  compact  design.  The  focal  length  was  variable  over  a ^ 
considerable  range  by  adjustment  of  the  secondary  mirror.  Another 

feature  was  the  prime  focus  location  inside  the  primary  mirror 

which  permitted  the  collimating  lens  to  be  mounted  directly  into  the 

objective  housing.  This  provides  a substantial  reduction  in  the  sine 

of  the  AOCP  common  optics  section  over  an  earlier  design  around  a 

Questor  objective. 

The  second  unit  proved  to  be  unacceptable  in  a Facult  test 
because  of  a cusp  peak  in  the  corrector  plate  in  the  center  of  the  , 
entrance  pupil  annulus.  The  objective  lens  was  reworked  a second 
time  and  the  performance  was  greatly  improved.  This  latter  lens 
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— CORRECTOR  PLATE 


Figure  3-9.  Catadioptric  Objective  Lens 


system  was  installed  in  the  field  after  the  system  had  been  delivered 
to  NASA/MSFC. 


The  collimating  lens  is  a multielement  NIKON  objective 

having  a focal  length  of  75  mm.  An  adapter  plate  was  made  to 

/ 

interface  the  collimating  lens  to  the  catadiophric  objective  and  form  - 
an  afocal  telescope  as.  shown  schematically  in  Figure  3-10.  The  afocal 
telescope  power  was  determined  by  a careful  measurement  of  the 
system  entrance  and  exit  pupils  and  determined  to  be  8.  398.  The 
exit  pupil  is  located  approximately  4.  5 inches  (11.  4 cm)  from  the 
vortex  of  the  collimating  lens  rear  element.  This  permits  the  pupil 

to  be  located  between  the  beam  steer er  mirror  to  minimize  vignetting 

% 

due  to  mirror  motion. 

The  beam'  steerer  mirror  size  is  determined  by  the  size 
of  the  exit  ray  bundle  and  the  field  of  view  divergence  as  illustrated 
in  Figure  3rll.  The  distance  of  beam  steerer  mirror  from  the  system 
exi^  pupil  is  made  as  short  as  possible  to  reduce  the  mirror  size  and 
improve  its  dynamic  characteristics.  The  beam  steerer  mirror 
diameter,  D , normal  to  the  optical  axis  is*  given  by. 


where 


+ 2X 


M 


4.  0' 

tan- 


0’  = (System  field  of  view)  x (afocal  magnification) 


X = distance  from  exit  pupil  to  mirror 
M 


D = Diameter  of  afocal  system  exit  pupil. 

e 


3-21 


For  a !.0.5  mrad  (0.  6 degree)  field  of  view,  a magnification 
of  8.4,  an  e.it  pu).il  diameter  of  0.462  inches  (1. 17  cm)  and  a mirror 
separation  of  1.  5 under  (3.  81  cm)  from  the  pupil,  the  mirror  . 
diameter  projected  onto  the  normal  to  the  optical  axis  is  0,  56  inch 
(1.  42  cm).  TO  allow  for  a 45»  mirror  tilt  and  a .2  degree  mirror 
rotation,  the  mirror  size  was  set  at  1 inch  (2.  54  cm). 

.The  last  element  in  the  common  optics  train  is  the  dichroic 
beam  combiner.  This  element  was  designed  for  a nominal  40  degree 
incidence  angle.  The  0.  633  micrometer  reflectance  is  0.  8 or  greater 
and  the  0.  488  micrometer  transmission  is  0.  95  or  greater.  The 
beam  combiner  is  gimbal  mounted  with  spring  loaded  retention  to 
permit  coarse  mechanical  borasighting  of  the  transmitted  and 
received  paths.  The  precision  boresight  is  achieved  electronically 

by  offset  tracking  bias. 


The  first  lens  was  manufactured  to  ITT  wavefront  deforma- 
tion  tolerances  of  better  than  X/20  but  was  broken  in  shipment.  In 
the  interest  of  schedules,  the  lens  was  replaced  by  Wiley  from  stock 
With  a rework  of  the  corrector  plate. 
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3.  3 Receive  1*  Subsystem 

The  AOCP  receiver  section  comprises  the  receiver  optics,  trsefcing/ 
communications  sensor,  tracking  electi^onic,,,  communications  electronis. 
scintillation  monitor,  and  the  beam  steering  subsystem.  Although  beam-  ' 
steering  is  a common  element  with  the  transmitter,  it  is  controlled  by  the 
receiver  tracker  and  will  be  described  as  a receiver  subsystem.  Location 
of  the  various  receiver  elements  to  be  discussed  in  this  section  can  be 
determined  by  referring  to  the  Figures  3-4,  3-5,  and  3-6.  ‘ 

The  primary  functions  of  the  ACOP  receiver  subsystem  are:  ''J 

a)  Acquisition  of  a micrometer  laser  beacon  within  a 
0.  5 X 0.  5 degree  0*  488  field  of  view. 

V 

b)  Lock-on  and  auto  track  of  the  laser  beacon  with  preci- 
sion of  a few  microradians  with  a 1 kHs  tracking  band- 
width; providing  two-axis  output  signals  proportional  to 
the  position  of  the  beacon  relative  to  the  sensor  elec- 
trical  null  position, 

a)  Closed-loop  pointing  of  the  transmitter  laser  beam 
through  the  beam  steering  elements  to  a precision  of  a 
few  microradians  rms  in  a 300  Hz  bandwidth. 
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d)  Monitor  atmospherically  induced  signal  fading  over  a 
wide  dynamic  range  both  at  baseband  and  at  a 10,  7 MHz 
subcarrier  frequency  with  a bandwidth  of  5 kHz, 

« 

e)  Detect  modulation  on  the, up-link  laser  beam  for  com- 
mand  of  the  AOCP  status  and  ^r 

f)  Provide  electronic  boresight  correction  between  the 
transmitter  and  receiver  subsystems, 

V • 

’ yy 

3, 1,  1 Receiver  S\.bsysfcem.  - A modulated  (10.  7 MHz  subcarrier)  Argon  < 

laser  beam  (0.488  micron)  from  the  ground  station  (or  ground  checkout  ^ 

equipment,  GCE)  is  guided  by  the  coarse  gimballed  mirror  onto  the  relatively 

wide-field-of-view  TV  acquistion  aid.  The  TV  acquisition  aid  subsystem 

o o 

detects  and  tracks  the  position  of  the  ground  beacon  within  its  5x7 
field->of-view  and  provides  pointing  commands  in  two  axes  to  control  the 
gimballed  mirror  to  within  the  fine  acquisition  field  of  view  (0.  5 x 0.  5 
degrees).  The  fine  acquisition  is  accomplished  by  an  all  electronically 
scanned  image  dissector  detector- searching  sequentially  a 128  x 128  element 
raster  with  a frame  time  of  1 second.  Each  raster  element  is  approximately 
68  micro  radians  on  a side,  and  the  instantaneous  field  of  view  is  87  micro 
radians  which  provides  belter  than  a 20  percent  scan  overlap.  For  the 
fine  tracking  system  to  acquire,  the  optical  signal  must  exceed  a threshold 
level  (approximately  1x10  watt)  and  be  modulated  with  a 10.  7 MHz 
signal.  This  latter  condition  prohibits  false  lock- on  to  bright  objects  in  the 


background. 
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Figure  3-12.  AOCP  Search  and  Track  Mode  Illustration 
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Upon  identification  of  the  beacon,  the  receiver  tracker  switches 
into  a track  scan  mode  (the  mode  control  functions  and  circuitry  is 
described  in  the  beam  steering  section  of  this  report).  The  track  scan 

' f » 

is  of  the  cruciform  type  which  effectively  displaces  the  optical  image 
of  the  beacon  back  and  forth  in  two  axes  alternately  about  the  detection 
aperture  as  illustrated  in  the  lower  illustration  of  Figure  3-12.  This 

f - 

action  places  a scan  modulation  on  the  detected  signal  which  when 
synchronously  demodulated  with  the  sweep  drive  signal  provides  a 
measure  of  the  optical  image  position  in  the  sampling  aperture.  A 
more  complete  design  discussion  of  this  technique  is  given  in  the 
tracker  section  of  this  report. 

The  tracker  output  is  a measure  of  the  position  of  the  optical 
beacon  image  on  the  detector  photo  cathode  relative  to  the  detectors 
null  axis.  The  output  signals  are  in  rectilinear  coordinator  in  the 
YZ  plane. 

Referring  to  the  block  diagram  of  Figure^  3-3  and  the  photograph 
of  Figure  3-8,  the  receiver  optical  path  can  be  traced  and  the  physical 
components  identified.  Laser  radiation  from  the  ground  beacon  is 
collected  by  the  9.  85  cm  diameter  catadioptic  objective  and  passes 
through  the  collimating  lens,  reflects  from  the  Z-axis  beam  steerer 
onto  the  Y-axis  beam  steerer  and  through  the  dichroic  beam  combiner. 
From  the  beam  combiner,  the  received  radiation  passes  through  a 
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bandpass  filter  centered  about  0.  488  micrometers  and  is  divided  into 
two  paths  by  a neutral  beam-splitter  providing  80  percent  of  the  energy 
into  the  tracking  receiver  path  and  20  percent  (less  absorption  losses), 

f 

into  the  scintillation  monitor  path.  Considering  the  tracking  receiver 
first,  the  received  radiation  is  reflected  from  the  splitter  passes 
through  the  imaging  lens  and  receiver  attenuator  N.  D.  filter  and  is 
folded  onto  the  receiver  narrow  band  optical  filter  and  focused  at  the 
image  dissector  detector  photo-cathode.  The  path  to  the  scintillation 
monitor  detector  is  from  the  splitter  through  a lens  which  forms  an 
image  of  the  system  entrance  pupil;  through  an  aperture  stop  located 
in  the  pupil  image  plane,  and  folded  onto  the  scintillation  monitor 
photomultiplier  detector.  A detailed  discussion  and  analysis  of  the 
receiver  optical  system  is  presented  under  the.optical  discussion 
heading. 

The  key  element  of  the  acquisition  and  tracking  receiver  is 
the  image  dissector  detector.  This  device  has  the  capability  of 
effectively  scanning  a large  search  field  of  view  with  a smaller 
instantaneous  field  of  view  thereby  providing  a large  measure  of 
spatial  filtering  of  the  background  scene.  The  image  dissector  detec- 
tor construction  is  illustrated  in  Figure  3-13.  An  optical  scene 
imaged  on  the  photocathode  produces  an  equivalent  photoelectron 
image  that  is  relayed  onto  the  aperture  plate  by  electromagnetic  focus 
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coils  surrounding  the  electron  drift  tube  section.  By  applying  a 

% 

deflection  field  through  a second  set  of  coils,  the  electron  image, 

•corresponding  to  the  optical  scene  can  be  swept  about  the  small 

/ 

ajSerture.  Only  the  photoelectrons  passing  through  the  sampling 
aperture  enter  the  multiplier  section  of  the  detector  and  produce  an 
output.  Consequently,  the  image  dissector  detector  effectively  scans 
a large  scene  with  a small  sensing  element  all  electronically. 

Figure  3-14  defines  the  effective  focal  length  of  the  AOCP 
receiver  imaging  system.  The  optical  system  comprises  the  8.  398 
power  afocal  telescope  and  a 135  mm  focal  length  Snyder  lens  result- 
ing in  an  effective  total  system  focal  length  of  1133,  73  mm.  • Figure  3-15 
illustrates  the  total  search  field  of  view  obtained  by  the  12,  7 mm 
square  search  area  on  the  image  dissector  photocathode.  Similarly, 
Figure  3-16  defines  the  angular  size  of  the  scan  aperture  corresponding 
to  the  0.  1 mm  image  dissector  square  aperture. 

The  image  dissector  tracker  is  caused  to  scan  the  search  field 
of  view  in  a sequenHally  stepped  raster  containing  128  x 128  elements  with 
a 24  percent  area  overlap  to  insure  complete  field  coverage.  This  mode 
provides  considerable  spatial  filtering  of  the  uniform  background  level.' 
Additional  background  suppression  is  obtained  by  narrow  band  optical 
filtering  centered  around  the  0.488  micrometer  beacon  wavelength. 
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Figure  3-13.  Image  Dissector  Assembly 


I 


8.398  X 


f/  = 135  MM 


EFL  = 


EFFECTIVE  FOCAL  LENGTH  OF  IMAGING  SYSTEM 

135MMX8.39fl 

1133.73  MM  (44.635  IN.) 


Figure  3-14.  Imaging  System 


O' 


o 


o 


IMAGE  DISSECTOR 


I 

-O 


Figure  3-15.  Fine  Track  Search  Field  of  View 
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Figure  3-17  illustrates  the  narrow  band  optical  filter 
characteristics.  Further  background  suppression  is  achieved  by 

f 

looking  for  the  beacon  modulation  or  signals  exceeding  the  detection 
threshold.  If  a signal  should  exceed  the  detection  threshold,  the 
^facker  would  pause  for  a time  at  that  element  and  determine 
whether  or  not  it  was,  due  to  the  beacon  by  sensing  the  10,  7 MHz  sub- 
carrier  modulation  presence.  If  the  modulation  was  not  present,  the 
acquisition  search  would  continue.  It  should  be  noted  here  that  the  , 

switching  between  search  and  track  modes  is  completely  automatic. 

Any  time  track  lock-on  is  lost,-  the  system  automatically  reverts  to 
a search  mode. 

3.  3.2  AOCP  Optical  Tracker.  - Figure  3-18  gives  a functional  block  diagram 
of  the  AOCP  image  dissector.  When  a beacon  image  has  been  acquired  and 
identified  b the  search  mode,  the  circuitry  automatically  switches  to  the 
track  scan  mode.  Sweep  waveforms  are  generated  by  converting  the  outputs 
of  a 14  stage  synchronous  counter  to  analog  current.  The  firr;t  seven  bits 
(highest  frequency)  are  converted  to  generate  the  Y-axis  staircase  sweep  and 
the  last  seven  bits  are  converted  to  generate  the  Z-azis  staircase  sweep. 

The  waveforms  are  shown  in  Figure  3-19. 

The  step  reate  is  16  kHz  giving  a dwell  time  of  62.  5 microseconds 
per  element  and  a frame  time  of  1 second. 
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A step  size  of  14,  1 arc  seconds  covers  the  0.  5°  dimension 

in  128  steps.  With,  an  IFOV  of  18.  5 arc  seconds,  a 24  percent 

/ 

1 

overlap  of  elo.mental  areas  results  throughout  the  scan. 

In  the  acquisition  mode,  the  IDT  (immage  dissector  tracker)  is' 
essentially  in  an  open  loop  configuration  as  compared  to  the  track  mode  in 
which  the  video  information  is  processed  for  position.  Offsets  and/or  drifts 
that  might  affect  the  acquisition  sweep  are  prevented  by  use  of  solid  state 

4 

switches  on  the  track  loop  and  track  sweep  circuits. 

Video  from  targets  will  be  pulses  of  62.  5 microsecond 
duration  with  amplitude  dependent  upon  source  brightness.  Selection 
of  the  uplink  beam  target  is  accomplished  by  detection  of  the  10.  7 MHz 
modulation  on  the  beam.  As  shown  in  the  block  diagram  of  Figure  3-18 
the  image  dissector  output  is  amplified  in  amplifier  tuned  to  10,  7 MHz, 
rectified  and  level  detected.  Within  one  step  time,  a digital  level 
hereafter  referred  to  as  VIDEO  PRESENCE  (VID  PRES)  is  generated 
indicating  that  acquisition  of  the  uplink  beam  has  been  completed  and 
fine  tracking  can  be  commenced. 

In  this  track  mode,  a modulation  is  placed  on  the  optical  sig- 
nal (henceforth  called  the  video)  by  partially  deflecting  the  photo- 
electron image  out  of  the  detection  aperture  in  two  axes.  A partial 
deflection  scan  implies  that  the  photoelectron  image  is  not  completely 
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Figure  3-18.  AOCP  Optical  Tracker 


swept  out  of  the  aperture.  The  partial  scan  is  employed  so  that  some 
photoelectrons  from  the  beacon  image  always  enter  the  detector  so 
that  continuous  communication  is  maintained.  The  amplitude  modula- 
tion thus  produced  is  demodulated  synchronously  with  the  deflection 
sweeps  to  determine  the  precise  location  of  the  photoelectron  image 
centroid.  A bias  current  is  supplied  to  the  deflection  coils  to  exactly 
center  the  deflection  sweep  about  the  photoelectron  image  centroid. 
The  bias  current  supplied  to  the  deflection  coils  to  effect  the  aperture 
scan  centering  is  a measure  of  the  beacon  image  position  relative  to 
the  sensors  null  axis,  i,  e,  , zero  bias  position,  ' 

The  video  presence  (VID  PRES)  logic  level  controls  the 
Acquisition /Track  mode  status.  When  VID  PRES  is  in  a "1"  state; 

t 

1)  the  clock  input  is  removed  from  the  acquisition  sweep- 

^ counter  stopping  the  search  scan, 

2)  the  track  sweep  switches  are  enabled  thereby  commenc- 
ing  a cruciform  scan  at  the  immediate  DC  position 

3)  the  demodulator  steering  gates  are  enabled  thereby 
providing  for  closed  loop  tracking  of  the  target  image. 

The  track  sweep  is  an  analog  cruciform  of  8 kHz 'with 
individual  Y and  Z axis  waveforms  as  shown  in  Figure  3-19,  The 
scan  amplitude  is  set  so  that  the  target  electron  is  never  completely 
deflected  off  the  aperture.  Although  the  sweep  amplitude  is  dependent 
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Figure  3-19»  Search  Scan  Waveforms 


• o if  is  nominally  less  than  ±1  IFOV  for  the 
on  the  optical  image  size,  it  is  nominally 

a niilse  width  and  pulse  duration  modu- 
AOCP  IDT.  The  scan  causes  a pulse  wiQui  a f 

/ 

$ 

lation  of  the  video  signal.  / 


The  track  video  signal  shown  typically  in  Figure  3-20  has  a 
frequency  of  32  kHz  (4  times  the  track  scan  frequency).  The  video 
is  amplified  and  limited,  thereby  providing  a position  and  duration 
pulse  train  to  the  demodulator.  A three  stage  AGC  is  employed  by 
the  stages  preceding  limiting  in  order  to  minimize  delays  (phase 
shift)  which  result  in  an  unstable  track  lock  due  to  cross  talk  at  the 
demodulator  output.  The  AGC  acconnmodates  a 70  db  input  dynamic 
range  in  a 300  Hz  bandwidth,  which  is  typical  of  signal  characteristics 


due  to  scintillation. 

The  video  signal  is  synchronously  demodulated  with 
the  output  being  an  analog  error  signal  proportional  to  the  distance 
(the  angle)  between  the  center  of  the  cross  scan  and  the  center  of  the 
target.  It  is  noted  that  the  transition  from  acquisition  to  track  takes 
place  when  a TAR  PRES  is  generated.  The  target  image  can  be  any- 
where within  the  square  18.  5 arc  second  IFOV  and  most  probably 

not  at  the  center. 

The  demodulator  error  signals  are  summed  with  the  initial 
cross  scan  position  to  move  the  cross  scan  such  that  it  becomes 
centered  on  the  target  'image  and  the  demodulator  error  voltage 
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approaches  zero.  The  centered  video  waveform  is  shown  in  Fig- 
ure 3-20.  The  track  mode  is  characterized  by  a Type-O  control  loop 
where  any  movement  within  the  acquisition  field  of  view  results  in  an 
automatic  correction  to  the  deflection  coil  current  so  that  the  cruci- 
forip  remains  centered  on  the  target  image.  The  track  loop  band- 
width is  nominally  1 kHz. 

While  tracking,  valid  target  position  signals  are  generated  by 
sampling  the  deflection  coil  currents.  The  target  position  signals, 
having  a transfer  function  of  0.  33  v/min.  are  applied  to  the  beam- 
steerers.  The  beamsteerers  position  the  uplink  target  image  to  a 
reference  position  and  fine  point  the  down  link  beam  based  on  this 
reference. 

Tracking  is  maintained  as  long  as  VID  PRES  is  "1".  The 
VID  PRES  status  is  relatively  high  bandwidth  in  that  the  status  change 
occurs  within  tens  of  microseconds  of  applying  or  removing  a 

.V. 

10.7  MHz  signal  at  the  preamp.  Due  to  scintillation,  signal  fades  of 
100  milliseconds  duration  are  common.  Therefore  the  VID  PRES 
changes  states  during  these  fades.  Even  with  intervals  of  no  signal, 
the  track  scan  position  is  maintained  within  an  IFOV.  To  prevent 
breaking  lock  during  fades,  the  VID  PRES  loss  is  delayed  approxi- 
mately 180  milliseconds.  The  resultant  digital  level  is  refereed  to  as 
TAR.  PRES  and  is  the  digital  level  used  by  the  IDT  to  sequence  between 
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figure  3-20.  Track  Mode  Timing  Diagram 
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acquisition  and  track.  The  return  to  acquisition  occurs  therefore,  only 

f 

if  the  10.7  MHz  signal  is  lost  for  greater  than  180  milliseconds. 


JjOSS  of  TAR  PRES  returns  the  IDT  to  the  acquisition  mode. 
The  transition  is  also  used  to  place  a 50  millisecond  short  on  the 
tracking  loop  error  demodulators  as  noted  previously,  the  tracking 
functions  are  disabled  during  acquisition.  However  the  error  demodu- 
lator outputs  which  have  a 2 second  line  constant  can  become  high 
during  tracking  since  they  effect  the  closed  loop  operation.  The  out- 
puts are  shorted  momentarily  upon  return  to  acquisition  to  prevent 
offset  and  drift  of  the  acquisition  scan. 


The  VID  PRES  signal  is  the  primary  AOCP  mode  control.  A 
timing  diagram  of  the  various  control  signals  derived  from  the  VID  PRES 
signal  is  shown  in  Figure  3-21. 

Two  of  the  control  levels,  namely  TAR  PRES  and  DEMOD 

f 

SHORT  are  used  internal  to  the  IDT  and  were  discussed  in  the  pre- 
vious! section.  The  BEAMSTEERER  RELAY  level  is  delayed 
120  milliseconds  from  the  VID  PRES  signal.  The  BEAMSTEERER 
RELAY  "1"  level  represents  the  time  during  which  the  pointing  is 
under  control  of  the  IDT,  The  SPEED  LIMITED  level  is  derived 
from  the  TAR  PRES  signal,  and  provides  a 600  millisecond  delay 
during  which  the  Beamsteerer  Drive  voltage  is  limited. 
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The  SCINT  HOLD  is  derived  from  the  VID  PRES  and  TAR 
PRES  levels.  It  is  used  to  insert  a hold  or.  the  Beamsteerer  Drive 

amplifier  during  times  of  signal  fade.-  It  essentially  lowers  the 

V 

/ 

Beamsteerer  loop  bandwidth  so  that  effects  of  IDT  drift  during  times 
of  no  signal  are  minimized.  Of  course  if  the  fade  interval  exceeds 
IZO  milliseconds,  the  BEAjMSTEERER  RELAY  becomes  "O'*  and 
control  of  the  loop  is  returned  to  the  TV  Tracker. 

3.  3.2.  1 Track  Loop  Analysis.  - The  IDT  is  essentially  a modification  of 

< 

previous  ITTG  tracker  designs.  In  this  respect,  a significant  amount  of* 
design  analysis  was  not  required.  In  the  early  design  phases,  a model  of 
the  target  and  v ariations  thereof  was  not  necessarily  accurate.  Therefore, 
design  modifications  to  the  initial  tracker  were  made  during  field  tests 
when  actual  targets  and  background  were  beiqg  encountered. 

An  important  modification  of  the  previous  ITTG  tracker  design 

f 

was  the  extension  of  the  tracking  loop  bandwidth  to  1 kHz.  A block 
diagram  of  the  loop  components  is  shown  in  Figure  3-22. 
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Figure  3-21.  Control  Signal  Timing 


The  closed  loop  gain  of  the  loop  is  given  by 


The  bandwidth  is 


0. 

1 


S + 1 ^ 


W. 


l+KjK^Kj 


The  IDT  constants  have  the  following  nominal  value 
= 2 volts /sec 

T = 2.  2 sec 

= 254  ma/volt 

= 35  sec/ma 


Using  these  values 


= 8880  rad 
= 1500  Hz 

It  is  noted  that  the  demodulator  gain  ig  dependent  on 
the  signal  strength.  The  value  stated  would  be  the  maximum  attain- 
able. As  the  signal  strength  decreases,  the  value  of  decreases 
and  the  loop  bandwidth  decreases  proportionately. 
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The  maximum  steady- state  error  would  occur  when  initial  acquisition 
of  the  target  v/as  at  a field  edge.  For  this  case 

. -jL  , ' , ' 

ss  - KjK^Kj 

30  min 
17760 

« • . 

= 0.  1 sec 

» 

3*3.  2.2  Track  Video  Amplifier  Test  Results.  - One  major  modification 
to  the  IDT  was  made  as  a result  of  field  tests.  Minor  changes  and 
additions  were  made  with  the  VID  PRES  signal  to  facilitate  the  handover 
between  the  TV  tracker  and  IDT. 

During  initial  field  tests  between  the  Astrionics  Laboratory 
and  Madkin  Mountain,  apparent  angular  modulation  was  experienced 
which  was  excessive  in  both  amplitude  and  frequency.  Because  of 
this  effect  it  was  impossible  to  close  the  beamsteerer  loop  and  only 
intermittent  tracking  was  possible  with  the  IDT.  This  apparent  angu- 
lar modulation  was  traced  to  amplitude  scintiUation  in  the  atmosphere 
causing  dynamic  phase  changes  in  the  IDT  video  amplifier. 
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Two  separate  problems  existing  in  tbe  ID  tracker  contributed, 
to  the  tracking  difficulties  experienced  in  th(J  initial  field  test.  They 

were;  / 

/ 

!•  Elxcessive  phase  shift  in  the  video  signal  over  the  input 
signal  dynamic  range, 

2.  Inadequate  AGC  bandwidth. 

The  phase  shift  problem  existing  in  the  video  amplifier  was  a result 

/ 

of  the.  gain  controlling  device  working  against  the  reactances  of  the 
image  dissector  and  the  input  to  the  10.  7 MHz  communication  ampli- 
fier which  is  paralleled  across  the  tube  at  this  point.  The  resulting 

o 

phase  shift  over  the  input  dynamic  range  was  in  excess  of  70  . 

The  initial  AGC  bandwidth  was  approximately  10  Hz  which  is  below 

the  normal  frequency  range  of  amplitude  scintillation.  The  video 

amplifier  low  frequency  cut  off  was  approximately  100  Hz  and 

limited  the  effective  AGC  bandwidth  that  could  be  incorporated. 

* 

Modifications  were  made  to  the  amplifier.  These  changes 
brought  about  performance  improvement  and  corroborated  the  fact 
that  inability  to  track  was  due  to  the  amplifier  phase  shift  charac- 
teristics. However,  it  becamerapparent  that  a new  amplifier  design 
was  needed  to  supply  the  AGC  dynamic  range  and  bandwidth. 
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A new  amplifier  was  designed  and  tested.  It  replaced  the 
original  amplifier  of  the  IDT  and  successful  operation  of  the  AOCP 

t 

with  Madkin  Mountain  was  demonstrated  on  2/10/72.  The  amplifier 

/ 

design  is  shown  in  Figure  3-23.  Three  attenuators  are  used  to  effect, 
a dynamic  range  of  greater  than: 60  db.  The  initial  gain  control  is 
applied  by  the  voltage  divider  of  and  the  FET  attenuator  No.  1. 

As  the  signal  increases  the  R -FET  attenu?,tor  No.  2 is  added.  Each 
divider  is  capable  of  25  db  attenuation.  The  bandwidth  of  the  loop  with 
these  two  attenuators  svas  measured  to  be  120  Hz, 

The  input  stage  buffers  the  tube  output  from  attenuator 
No.  1 thereby  making  the  effect  of  attenuator  capacity  change 
negligible.  However,  the  buffer  stage  must  accommodate  the  dynamic 
range  linearly.  Attenuator  No.  3 provides  the  necessary  range. 

This  third  control  becomes  operative  only  for  high  input  and  can 
easily  accommodate  15  dB. 
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Figure  3-23.  AGC  Amplifie 


3.3.3  Beamsteerer  Loop.  - The  keynote  of  beamsteerer  design  philosophy  at 
onset  of  AOCP  was  flexibility.  Fundamental  to  the  selection  of  this  course  of 
design  was  the  fact  that  little  was  known  of  the  dynamics  of  uie  atmosphere  for 
which  the  beamsteerers  were  to  correct.  Much  has  been  learned  during  the  course 
of  the  AVLOC  Program  regarding  beamsteering  that  could  and  would  be 
factored  into  later  such  designs.  Notwithstanding  the  evolution  of  the  beam- 
steering  subsystem  during  the  program  the  final  iteration  showed  marked 
siihilarities  to  system  originally  shipped.  The  major  differences  are  manifest 
in  the  very  portions  of  the  subsystem  set  aside  to  absorb  those  anticipated 
evolutionary  changes,  viz  the  loop  compensation  circuits.  Figures  3-24  and  3-25 
are  presented  to  give  an  indication  of  those  changes  that  ultimately  took  place 
during  the  life  of  the  program.  The  final  configuration  shown  in  Figure  3-25  is 

that  used  in  the  final  successful  test  flights. 

The  design  analysis  presented  herein  will  accomplish  the  following 

purposes: 

1.  Present  the  final  beamsteering  subsystem  configuration 
and  brief  operational  description. 

2.  Define  the  characteristics  and  sources  (when  appropriate) 
of  the  elements  making  up  the  beamsteerer  subsystem. 

3.  Present  a complete  servo  block  diagram  of  the  subsystem 
(y-loop). 
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3-Z-te  Subsystem  Compensation  as  Shipped 


4.  StaplUy  the  loop  consistent  with  the  bandmdth  of  the 

subsystem.  . 

5.  Develop  a root  locus  of  the  simplified  system,  indentifying 

tte  location  of  the  closed  loop  poles  and  zeros  (p-z)  for  the 
appropriate  loop  gain. 

6.  Present  the  results  of  a frequency  response  taken  from  the 
p-z  conflguration  and  compare  the  analytical  results  with 

test  measurements. 
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Operational  Description.  - One  loop  (or  channel)  of  the  beamsteerer  subsystem  is 

shown  in  Figu?.*e  3-26.  This  figure  describes  the  basic  elements  from  a functional 

/ 

viewpoint.  The  incoming  laser  beam  is  collected  by  a four-inch  aperture  afocal  .. 
telescope.  The  beam  emerging  from  the  telescope  is  routed  to  beamsteering 
mirrors,  one  for  each  channel  ( y and  z ) then  to  another  set  of  optics  whose 
purpose  is  to  focus  the  beam  on  the  face  of  the  image  dissector  tracker. 

The  t»'acker  develops  three  sets  of  outputs  that  are  of  further  use 
to  the  beamsteerer  subsystem. 

1.  y and  z error  signals 

2.  video  from  the  image  dissector 

3.  10.7  mHz  target  present  signal 

Image  dissector  video  output  and  the  10. 7 mHz  target  present  signal 
control  the  mode  of  the  beamsteerer  subsystem.  The  error  signals  are 
appropriately  routed  to  the  remainder  of  the  subsystem  as  called  for  in  each 
mode. 
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Figure  3-26.  Function  Configuration  of  the  Beam  Steering  Subsystem 
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TV.^  rollecting  Telescope.  - The  first  functional  block  of  Figure  3-26  is  the 

telescope.  This  device  was  purchased  froiri  Wiley  Optical  Cotp.  of 

/ 

Florida.  Its  principal  characteristics  are: 

a.  4*'  aperture  ; 

b. ,  24"  focal  length 

c.  2 arc  second  resolution 

RAD 

d.  Magnification  of  RAD 

♦ 

Beamsteering  Gimbal.  Mirror,  Torquer,  and  Flexpivot.  - This  assembly 
was  fabricated  by  ITTG  per  Drawing  5520160.  The  mirror  and  flex 
pivots  were  purchased  from  Precision  Optics  Compdoiy  and  Bendix, 
j.ggpgctiv’ely . The  mirror  was  manufactured  to  tight  tolerances  with  a 
flatness  of  better  than  X/20,  and  was  mounted  with  a gimbal  cell  fabricated 
by  ITTG.  The  gimbal  cell  was  fashioned  with  tabs  that  worked  in  con- 
junction with  a Karman  Science  Corp.  position  pickoff  (Model  KD- 5001 -12) 
so  as  to  convert  rotational  to  linear  pickoff.  The  effective  moment  arm 
of  the  tabs  was  0.  65  inches.  The  electronics  associated  with  the  pickoff 
developed  an  output  calibrated  at  63  V/in  over  approximately  0.  050  inch 
movements.  The  mirror  and  gimbal  were  mounted  to  the  optical  baseplate 
through  the  Bendix  flex  pivot.  A set  of  two  flex  pivots  were  used,  one  on 
either  side  of  the  gimbal. 
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The  flexpivots  provided  a no-power,  return-to-zero  capability  as  well  as 
precluding  use  of  bearings. 

Torque  was  supplied  the  assembly  by  use  of  one  Aeroflex  Corp.  direct 

/ 

drive  brushless  torquer  TQ-10Y-35P,  which  was  provided  with  a special  order 
low  resistance  winding.  A photograph  of  the  fine  beam  steering  assembly  is 
shown  in  Figure  3-27. 

A summary  of  the  characteristics  of  these  devices  ' 


follows. 

a.  Mirror 


& 

• Flatness  - ^/20 


• Size  - 25  mm  diameter 

• Angular  gain  - 2 rad/rad 

b.  Kaman  Science  Corp.  Pickoff 

••  Gain  63  volts /inch  (calibration  curves  on  file) 
• '•  Moment  arm  (effective  0.  65") 

c.  Bendix  Flexpivots 

o 1/4"  pivot  5008-600 

• 13.  1 oz  in/rad  torque  gradient 

d.  Teroflex  torquer  TQ-10Y-35P 


• torque  gradient  0.  885  oz  in/amp  ' 

• resistance  - 4.  35S1 

_3 

• inductance  - 0,  966  x 10  h.  ■ 

_3 

• back  EMF  - 5.  53  x 10  v/rad/sec. 
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Figure  3-27. 


e.  Polar  moment  inertia  of  rotating  assembly.  The 


rotating  assembly  includes 

• mirror  / 

• gimbal  cell 

• rotor  of  torquer 

• outer  shell  of  flexpivot 

total  polar  moment  of  inertia 


-5  7 

y loop  19  X 10  oz  in  sec 
-5  2 

z loop  19x10  ozin  sec 

Optics-  - The  focusing  optics  (Schneider,  refractive)  have 
the  following  characteristics; 


. ^ focal  length  - 135  mm  (5.  31  in) 

f/3.  5 

Transmission  75  percent' 

Pjssector  (ID)  Tracker.  - The  ID  tracker  was  designed  and  fabri- 
cated by  ITTG.  It  is  described  in  detail  elsev^here  in  this  report.  For 
our  purposes  its  principal  functional  characteristics  are  sufficient.  The 
output  of  the  tracker  is  expressed  as  volts  per  inches  of  displacement  of 


the  focused  image  from  the  electrical  center  of  the  tracker  at  the  photocathode. 

In  addition,  the  tracker  has  a nominal  1 KHz  bandwidth.  Summarizing: 

Tracker  output  gradient:  25.6  volts/inch 

Tracker  bandwidth:  1000  Hz 

Mode  Control.  - The  operating  mode  control  is  an  important  part  of  the  acquisition 
process  if  operation  in  a signal  fade  environment  is  required.  The  function  of  the 
mode  control  subsystem  is  to  provide  switching  signals  to  select  the  appropriate  sensor 

controlling  the  system  operation.  For  example,  the  mode  control  logic  determines 

- ^ 

when  the  system  should  be  in  coarse  or  fine  track,  search  or  track,  pointing  ’ , . 

* . • * 

system  angular  rate  limit,  pointing  angle  hold,  or  fine  track  search  raster  reset. 
Figure  3-28  indicates  the  logic  level  condition  for  the  control  of  the  various  modes 
Indicated  and  the  time  associated  with  the  delay  intervals.  The  rate  limit  for 
Instance  limits  the  velocity  of  the  optical  image  at  the  image  dissector  detector. 

This  is  necessary  because  acquisition  near  the  edge  of  the  field-of-view  would 
cause  the  tracker  to  apply  immediately  a large  rate  command  to  zero  the  image 
position  to  the  beam  steerer  subsystem.  Such  a rate  syould  otherwise  exceed  the 
tracker's  rate  capacity.  Other  delays  are  built  in  to  permit  transients  to  damp 
out.  The  beam  steerers  hold  command  is  provided  so  that,  during  periods  of 
deep  signal  fades  when  the  beacon  presence  is  lost,  the  system  will  continue  to 
remember  the  last  target  position  for  immediate  reacquisition  should  the  signal 
reappear.  If,  after  a time,  long  compared  with  the  expected  signal  fade  period, 
the  signal  is  not  detected,  the  system  reverts  back  to  a fine  acquisition  search 
and  then  into  a coarse  acquisition. 

Operationally  the  mode  control  aspects  are  critical,  they  however  do  not 
enter  the  closed  loop  dynamics  of  ordinary  functioning. 
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Firure  3-28.  Mode  Control  Logic 
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Forward  Path  Compensation.  - From  Figure  3-2.5  we  extract  the  circuits  shown 
in  Figure  3-29.  Some  simplification  is  also  accomplished  in  that  switching  is 
not  included.  The  circuit  shown  makes  up  the  compensation  block  of  Figure  3-26. 
The  characteristics  of  each  stage  of  the  circuit  are  developed  below  and  shown 
adjacent  to  the  appropriate  part  of  the  circuit  in  Figure  3-29. 

Figure  3-30  is  the  appropriate  timing  diagram  for  the  modes. 

These  various  modes  of  operation  are  necessary  to  allow  the  sub- 
system to  handle  transient  conditions  associated  with  target  lock  on  and  loss, 
and  deep  fades  of  the  incoming  laser  signal. 

When  the  beamsteerer  subsystem  is  operating  in  its  tracking  mode, 
the  tracker  error  signal  is  supplied  to  the  forward  loop  compensation  circuits. 
The  output  on  this  circuit  is  summed  with  the  compensated  output  of  the 
beamsteerer  mirror  angle  pickoff  properly  phased  for  negative  feedback. 

The  resultant  signal  is  utilized  to  drive  the  torquer  which  acts  on  the  gimbal. 


mirror  and  flex  pivot. 


COIL  CURRENT 
NO  COIL  CURRENTr"" 


RELAYS  1,  2,  3,  5-1 


B.S.  Y-Z  CONTROL 


Figure  3-30.  Mode  Timing  Diagram 


state  (AIA).  - Thi.  is  a simple  feedback  amplifier  arrangement  with 
the  error  supplied  to  the  inverting  input.  The  gain  of  this  stage  is;  • 

error  supplied  to  the  inverting  input/  The  gain  of  this  stage  is; 

R- 


G = 


fb  36K 


R.  2. 2K 
in 


= 16.  3 


» similar  configuration  to  1st  stage  that  has 

gain  of  unity. 


Q fb  _ 2.  2K 

~ R.  2.  2K  ^ 
in 


3rd_S^.  - This  stage  is  merely  a resistor  divider  that  splits  the  si 


10 


ignal 


in  the  ratio  = 0.0715. 


^ represents  the  first  stage  with  frequency  dependent 
terms  that  help  shape  the  response  of  the  subsystem.  The  transfer 


function  for  this  stage  is  found  in  the  usual 


manne^;  i.  e. 


Z.  ■■ 

m 


564  (15  X lO'^S  t n , ^ 

2.  25  + 1 volts /volt 
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5th  Stage.  - This  circuit  is  the  summing  impedance  which  interfaces 

/ 

with  the  summing  impedance  trom  the  Feedback  Path  Compensation 
circuits.  The  circuit  impedance  will  be  necessary  when  the  summa- 
tion is  made.  It  is  therefore  shown  below 

. ’ 3 - 3 

2 = ^0x^0  fO.  1x10  .s+n 

^ l.lxlO‘^S+1  » , 

Clearly  this  circuit  provides  additional  frequency  dependency 
and  hence  contributes  to  the  compensation,  ‘ 

, ■ ' ■ V 

Feedback  Path  Compensation.  - This  block  wUl  be  considered  next  since  its 
contribution  in  a similar  way  to  the  B/S  Torquer  drive  amplifier  as  does  the 
forward  path  compensation.  Figure  3-31  extracts  from  Figure  3-25  the 
portion  of  the  subsystem  concerned  with  feedback  path  compensation. 

This  will  be  handled  as  the  forward  path  was. 

— t (A3A).  - This  stage  acts  as  an  amplifier  for  the  signal  emanating 

from  the  Kaman  position  pickoff.  It  should  be  noted  that  the  signal 
is  into  the  non-inverting  input  of  the  amplifier.  As  a result  the 
expression  for  gain  of  the  first  stage  is  slightly  different.  Note 
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Figure  3-31.  Feedback  Path  Compensation  Circuits 


.1  X 10’n-^l 
S + 1) 


also  that  while  the  transfer  function  developed  has  a frequency 
dependent  term,  its  influence  is  not  felt  in  the  region  of  interest  to  the 
B/S  subsystem.  A simple  gain  is  used  when  applying  this  stage  to 
latter  uses.  The  transfer  function  is: 


KG  = = 5 

in 


1 


5.  16x10  S+lJ 


vojts  /volt 


2nd  Stage.  - This  stage  provides  a portion  of  the  feedback  path  com- 
pensation by  virtue  of  its  input  resistor /capacitor  combination  that 
is  effective  in  the  B/S  frequency  range.  Its  transfer  functions: 


. KG 


0.  82xlO~^S 

(5.  BSxlO'^^S+l)  (0.  03xl0‘^S+l) 


volt  sec 
volt 


3rd  Stage.  - The  3rd  stage  of  the  feedback  compensation  is  the  summing 
impedance  that  interfaces  with  the  forward  path.  Its  electrical 
characteristics  are  identical  viz: 

z = 10x10^0.  IxlO-^S+U 
l.lxlO’^S+1 

Summing  Amplifier.  - The  first  point  to  deal  with  is  the  character  of  the 
summing  process.  For  this  the  model  shown  in  Figure  3-32  is  used. 
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e and  e represent  the  conditioned  signals  from  the 

y po 

tracker  and  the  pickoff.  is  the  summing  impedances  previously 

derived.  Using  current  summing  at  Node  0;  = Q 


giving 


e ' -f  s ’ 

.y  po . 


On  this  basis  then  we  obtain: 

^fb  _ 0.  51  (1.  IxlO'^S-H) 

0.  lxlO‘^S+1  • . 

In  this  case  the  high  frequency  influence  of  the  520  pf  capaci 


tor  has  already  been  removed  from  the  expression. 

Beam  Steer^r  Torouer  Drive  Amplifier.  - The  Torque  Systems  Inc.  PA201 
is  used  for  torquer  drive  purposes.  This  amplifier  has  a bridge  output 
configuration,  emd,  as  a result,  even  with  the  signal  being  delivered  to  the 
apparently  non- inverting  input,  the  gain  for  the  device  in  the  voltage  mode 

is:  D 

..  fb  47.  5K 

OiT  = 

in  ' 

The  Y and  Z axis  drive  amplifier  balance  adjustments  and  angle 
kickoff  output  centering  and  gain  controller  are  located  on  the  underside  of 
the  AOCP  and  shown  in  detail  in  Figure  3-33.  This  completes  the  subsystem 
description  necessary  before  discussing  the  performance  analysis. 
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Figure  3-33.  Beam  Steerer  and  Coarse  Mirror  Servo  Controls 
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® Psrforma.nce  Analysis 

All  of  tne  information  (except  for  high  frequency  terms) 
developed  above  is  shown  in  the  block  diagram  of  Figure  3-34.  In  addition 

the  figure  is  laid  out  in  a fashion  to  facilitate  analysis,  i.e..  each  block  has  the 
transfer  characteristic  associated  with  it.  Our  analysis  will  start 

with  the  inner  most  loop  - the  gimbal  and  flex  pivot  loop -and  con- 
tinue expanding  until  an  expression  for  the  complete  system  is 
developed.  Since  earlier  analyses  have  dealt  with  the  relation  . ' ; 

9^/e.,  we  shall  continue  that  approach.  This  means  that  the  effect 
of  the  collecting  telescope  never  enters  the  analysis. 

Pivot/Gimbal  Cell  Loop 

Using  the  notation  shown  in  Figure  3-34  we  have 


£o  ^ Oe  043 
T 


rad/oz  in 

7.25x10  ^S^+1 


As  expected  this  is  a marginally  unstable  loop  becaus, 

of  the  undamped  nature  of  the  mass/springs  ^f  the  flex  pivot/ 
gimbal  cell. 


-Torque r /Gimbal  Cell  BarV  Tr\/nr  ^ 


OOP 


Not  a significant  amount  of  damping  is  provided  by  the 

back  EMF  of  the  torquer,  but  this  loop  is  included  since  earlier 
analysis  considered  it. 
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Figure  3-34.  AOCP  Beam  Steerer  Servo  Diagram 
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Q ..  0»  00883  fad/volt 

1.61xlO“^S^  + 7.2xl0”^S^  0.  271xlO"^S+l 

when  the  denominator  of  this  expression  is  investigated  for  roots,  the 
following  is  obtained: 

(S  = 4,  5x10^)  (S^  + 7S  + 13SxiO^).  * 

The  very  small  coefficient  of  the  S term  in  the  quadratics  indicates  that 

• - i 

damping,  although  small,  is  afforded  by  the  back  EMF  of  the  torquer. 

Gimbal  Angle  Pickoff/Compensation/Torque  Drive  Amplifier  Loop 

The  characteristic  equation  of  the  B/S  subsystem  becomes 
more  involved  as  more  and  more  of  the  mechanism  is  encompassed 
by  the  expression.  Applying  the  proper  rule  of  combination  we  have: 

^ -0«  0883  (0.  lxl0~^S-H)(0.  03x1q"^S-M)  rad/volt 

c ■‘.85x10'*®S^0.232x10'^V+2.56x10‘’s^+15.7x10‘S^+0.410x10'^S+I 

We  note  at  this  point  that  the  DC  gain  is  precisely  10  times  that  of 
the  previous  loop.  This  is  due  to  two  factors:  I)  The  torque  drive 
^^^plififir  has  a gain  of  10,  and  2)  the  DC  gain  of  the  feedback  path 

IS  zero  as  a result  of  the  free  S in  the  numerator  of  the  compensation 
that  comes  from  the  series  capacitor  in  the  feedback  path.  Clearly 
then  the  feedback  loop  of  concern  at  this  point  of  the  analysis  is 
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eiiective  only  so  long  as  dynamics  are  in  existance,  i.  e, , when  0 is 
not  constant.  Considering  the  very  undamped  nature  of  the  gimbal/ 

« I 

flexpivot  situation,  the  kind  of  feedback  provided  is  quite  to  the 
point;  having  its  greatest  effect  in  dynamic  conditions. 

4.  Total  Open  Loop  Expression  0^ / 0^ 

At  this  point  we’re  ready  to  look  at  the  complete  beam'- steerer 
subsystem.  First  the  total  open  loop  expression  for  will  be 

written  in  the  form  of  the  previous  relations  to  expose  the  D.  C. 
gain  of  the  open  loop  expression.  Following  this,  the  expression 
will  be  converted  to  the  form  used  in  Root  Locus  (R/L)  work  and 
the  analyses  carried  on  from  that  point.  The  significant  steps  in 
the  following  will  be 

(1)  Obtaining  the  total  open  loop  expression. 

? 

(2)  Conversion  of  expression  to  R/L  form. 

(3)  Simplifying  the  expression  on  the  basis  of  the  pole 
and  zeros  in  the  open  loop. 

(4)  Drawing  a R/L,  locating  the  pole  locations  at  the  point 
called  for  by  the  existing  loop  gain  values, 

(5)  Using  the  pole  locations  from  the  R/L,  develop  the 

closed  loop  expression  for  the  ratio  plot 

the  poles  and  zeros  of  this  relationship,  ^ 
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(6)  Perform  a frequency  response  of  the  0^/0.  and  compare 

it  with  the  measurements  taken  on  the  system. 

/ 

$ . 

/ 

f - 

^ 

£b  _ 7907(15x10  S+lXl.lxlO'  S+l)(Q.lxl0“^S-H)(0.03xlQ~^S-H)  rad/rad 
®e  (t).  159x10“  Vl)(2.  2S+1)(0.  lxl0"^S+l)(4.  SSxlO'^^S^ 

• +0. 232xlO"/^S^ 

* * ‘ >4  ' ^ • * 

+2.56x10“^$^ 

+15. 7xlO“S^  • 
+0.410xl0"'^S+l) 

From  this  we  see;  1)  that  the  D.  C.  gain  of  the  open  loop  is 

7907  radians /radian,  and  2)  a pole  and  zero  at  S = -10x10^  rad/sec 

exists  and  hence  cancel  each  other. 

Continuing;  the  expression  is  now  converted  to  R/L  format. 

2.  32x10^^(5+33.  3xl0^)(S+66.  6)(S+910) 

®e  (S+0.455)(S+6.4xl0^)(S^+47.  8xl0^S^+528xl0^S^+3234xl0^S^  +.  .. 

+1658xlO^^S+2C6xlo"^^^ 

Synthetic  division  is  used  to  factor  the  5th  order  term,  giving; 

0 12  “i 

= 2.  32  x 10  (S  + 33.  3 x 10^)  (S  + 66.  6)  (S  + 910) 

®e  (S  + 0.  455)(S+  6.4x  103)(S  + 202),(S+  348)(S+  35.  SxlO^) 


(S  + 5.  9x  10^  + 7x  10^)  (S+  5.9  X 10^  - y 7 x 10^) 
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Note  irhat  two  more  simplifications  are  in  order  at  this  point;  1)  The 
pole  at  S = -35.  5x10^  rad/sec  is  very  close  to  the  zero  at  S = -33.  3x 
10^;  we  shall  consider  these  as  cancelling  each  other;  2)  three  poles 
are  so  far  out  from  the  area  of  interest  that  their  deletion  would  make 
but  small  change  in  the  continuing  analysis.  Figure  3-35  shows  the  root 
locations  for  total  0 /9  . Since  our  concern  focuses  in  the  region  of 

X/  * 6 

0 -*3000  radians  per  second,  a good  representation  of  the  system 

_ - ,.3 

can  be  achieved  by  eliminating  the  complex  poles  at  S = -5,  9x10  ± 

3 

y7xl0^‘ radians  per  sec,  and  the  real  pole  at.S  = 6,4x10  radians/sec. 

To  properly  eliminate  these  poles  the  "gain"  value  must  also  be 
modified.  Carrying  out  the  proper  operations  results  in: 

®B  4090(S  + 910)  (S  + 66.  6)  ^ N ^ 

~ " (S  = 0.455)  (S  + 202)  (S  + 348)  D * 

c 

This  set  of  poles  and-zeros  is  shown  in  Figure  3-36  along  with 
the  locus  of  the  poles  of  the  closed  loop  expression  for  9^/0.  as  the 
open  loop  gain  goes  from  0 -*  4090.  The  final  location  of  the  poles 
is  that  of  the  closed  loop  for  gain  4090. 

On  the  basis  of  the  root  locations  and  the  fact  that 
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Figure  3-35. 


Root  Locations  of  Totai  Open  Loop  Expression 
(Canceliing  Pole  & Zero  Near  S = -33.  5 x 10^  not  shown, 


O RAI 


Figure  3-36.  OPEN  LOOP  ROOT  LOCATION/ROOT  LOCUS/CLOSED  LOOP  ROOT 

LOCATION  FOR  SIMPLIFIED  £5.  WITH  "GAIN"  OF  4090 


poles  location  from  Root  Locus 


(S+66.  6)(S+1020)(S+3540) 


for  which  the  DC  value  is 


of  7907  developed  earlier. 


7887  ’ - 


, close  to  the  reciprocal  of  the  DC  gain 


The  pole/zero  configuration  of  shown  in  Figure  3-37. 

From  this  arrangement  a frequency  response  was  generated.  The 
results  of  this  is  shown  on  Figure  3-38  along  with  test  data. 


Inspection  of  Figure  3-38  shows  that  the  test  d^ta  and  analysis 
of  the  Y loop  agree  quite  well  to  the  vicinity  of  100  radian/sec.  The 
results  diverge  in  the  neighborhood  of  100  radians /sec  and  pick  up 

i 

a somewhat  parallel  response  after  that  point  which  seems  to  differ 
from  the  analytical  results  by  a factor  of  2«  This  difference  is 
unexplained  at  this  point  in  time. 
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3,3.4  Scintillation  Monitor.  - The  scintillation  monitor  subsystem  was 
added  to  the  receiver  later  in  the  program  and  as  a result  of  a PI  meeting 
held  at  NASA/MSFC.  The  purpose  of  the  scintillation  monitor  is  to 
measure  atmospherically  induced  intensity  fades  in  the  received  signal. 

A functional  block-diagram  of  the  scintillation  monitor  is'given  in 
Figure  3-39. 

• * 

The  scintillation  monitor  is  located  in  the  AOCP  receiver 

section  and  receives  energy  split  from  the  tracking  and  communica- 
tions channel  by  the  beam  splitter  shown  in  Figvlre  3-8.  The  lens 
that  follows  the  beam  splitter  images  the  entrance  pupil  of  the  AOCP 
afocal  telescope  onto  an  aperture  stop  and  also  serves  as  a field  lens 
to  converge  the  received  radiation  onto  the  scintillation  monitor  photo- 
multiplier detector.  The  field  of  view  of  the  scintillation  monitor 
defector  is  approximately  0.6  degree  diameter  which  assures  that 
there  is  no  vignetting  edge  modulation  induced  by  the  beam  steerer 
pointing  noise. 

The  radiation  detected  by  the  scintillation  monitor  photo- 
multiplier is  modulated  by  a 10  MHz  (approximately)  suhcarrier. 

This  subcarrier  is  amplitude  modulated  by  variations  in  atmospheric 
transmission  of  the  uplink  path.  The  output  of  the  photomultiplier 
passes  through  a matching  network  (bandpass  filter)  to  a 10  MHz 
AGC  controlled  amplifier.  The  amplifier  output  is  rectified, 
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Figure  3-39. 


SCINTILLATION  MONITOR  FUNCTIONAL  BLOCK  DIAGRAM 


19 


filtered  to  10  MHz,  and  utilized  as  the  AGC  control  for  the  amplifier. 
A dc  control  voltage  varying  from  +0.  5 to  +4.  5 volts  supplies  80  db 

7 

of  control  range  to  the  amplifier.  The  ciicuit  sensitivity  is  there- 
fore 10  db/0.  5 volt*  linear  in  db/volt  throughout  the  range.  Since 


the  AGC  control  loop  bandwidth  is  10  KHz,  the  AGC  voltage  is  a 


.direct  logarithmic  indication  of  the  uplink  optical  scintillation. 

A linear  amplifier  coupled  out  of  the  matching  network  also 
operates  in  the  10  MHz  range.  A manual  gain  control  allows  selection 
of  a portion  of  the  log  amplifier  range  and  will  be  especially  Useful 
for  selecting  high  level  signals  that  are  compressed  in  the  logarithmic 
output.  A detector,  filter,  and  amplifier  after  the  linear  amplifier 
permits  utilization  of  the  maximum  dynamic  range  for  a 10  KHz 
scintillation  monitor  bandwidth. 


A third  output  is  derived  directly  from  the  photomultiplier 
detector  and  is  linear  with  received  optical  power  over  a baseband 
range  (dc  coupled)  to  5 KHz. 

Three  calibratable  signal  outputs  are  provided  in  the  scin- 
tillation monitor  as  follows; 

1.  A signal  linearily  proportional  to  the  total  power 
incident  on  the  detector  at  baseband  (0  to  5 KHz). 
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.2.  A signal  linearily  proportional  to  the  fluctuations  in 
power  of  the  10.  7 MHz  subcarrier  modulated  onto  the 
ground  station  beacon,  and 

3.  A signal  proportional  to  the  log  of  the  power  in  the 
10.  7 MHz  subcarrier  on  the  received  beam. 

Calibration  and  techniques  data  are  given  in  the  calibration 
and  test  section  of  this  reoort. 
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3*4  XransTritter  Subsystem 

The  transmitter  subsystem  consists  of  the  helium -neon  laser, 
optical  modvlator,  modulator  driver,  optical  compensator  and  polarize 
beam  divergence  control  telescope,  and  laser  power  monitor.  * 

The  laser,  modulator,  and  modulator  driver  are  housed  in  a 
hermetically  sealed  compartment  under  on$  atmosphere  of  dry  nitro- 
gen. The  construction  of  the  laser  compartment  is  illustrated  in 
Figure 3 -40.  irhe  laser,  folding  mirrors,  and  optical  modulator  are 
mounted  on  a 0.  5 inch  thick  aluminum  plate  hermetically  sealed  to 
the  AOCP  main  frame.  This  mounting  plate  is  pressure  released  to 
avoid  flexing  in  reduced  pressure  environments.  The  compartment 
pressure  seal  is  formed  by  a thin  steel  plate  recessed  into  the  AOCP 
■main  frame  with  hermetic  feedthroughs  for  electrical  power  and 
modulator  driver  signals. 

The  source  of  optical  radiation  is  a CW  helium-neon  laser, 
operating  in  a single  mode  (TEM^^)  at.O.  6328  micrometer  wavelength 
with  an  output  power  of  approximately  5 mw.  The  laser  beam  is 
directed  through  the  optical  modulator  by  finely 'adjustable  folding 
mirrors  providing  both  lateral  and  angular  positioning  of  the  beam  in 
the  modulator  aperture. 

Further  description  of  this  laser  has  been  provided  in  the 
O&cM  manual  and  will  not  be  repeated  in  this  report.  It  has  been 
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necessary  to  replace  the  laser  plasma  tube  several  times  during  the  course 
of  the  system  operation  because  of  difficulty  in  start-up.  At  least  one  flight 
was  made  during  which  the  laser  failed  to  start.  The  specific  problem 

identified  with  this  characteristic  was  low  voltage  from  the  llOV  power  - ' 
system  on  the  A/C. 

The  transmitter  path  can  be  traced  by  referring  to  the  Figure  3^41. 
Beginning  with  the  laser,  the  0.  6328  micrometer  laser  beam  is  foleded 
twice  and  directed  through  the  electro-optical  modulator  and  out  of  the  laser 
compartment  through  the  cover  seal  window.  From  the  window,  the  polariza- 
tion modulated  beam  is  passed  through  a variable  phase  retardation  plate 
(Soleil-Bobinet  compensator),  a polarizer  and  reflected  from  a folding  mirror 
and  directed  into  the  lower  level.  Referring  again  to  Figure  3-41,  the 
transmitter  path  enters  the  lower  level  and  is  directed  past  a cut-off  shutter 
and  through  the  beam  divergence  control  telescope. 

The  transmitter  beam  emerges  from  the  divergence  control  telescope 
and  impinges  onto  a beam  sampling  splitter  which  reflects  less  than  1 percent 
of  the  power  in  the  transmitted  beam  onto  a power  and  modulation  monitor 
photomultiplier  detector.  The  primary  beam  passes  through  the  beam 
STOpling  splitter  and  is  reflected  from  a path  folding  mirror  onto  the  dichroic 
beam  combiner  where  the  transmitted  and  received  optical  paths  combine. 

The  transmitter  and  receiver  paths  are  made  parallel,  i.  e. , boresighted 
mechanically  at  the  beam  combiner  and  exits  through  the  same  path  followed 
by  the  received  beam,  but  offset  to  avoid  the  central  obscuration  of  the  ' 
cassegranian  telescope.  . • 
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When  an  eleciric  field  is  applied  to  materials  of  this  type,  the 

crystal's  symmetry  changes  to  bi-axial,  making  the  crystal  ' 

/ 

birefringent.  / • 

. I 

In  crystals  of  low  symmetry,  such  as  KDP,  the  optical 
dielectric  property  (or  refractive  index)  of  the  crystal  varies  with 
the  magnitaide  and  direction  of  an  applied  electric  field.  For  the 
case  of  the  electric  field  applied  along  the  crystal's  optic  axis,  and 
for  light  propagating  normal  to  the  applied  field,  as  illustrated  in 
Figure  3-42,  the  difference  in  indices  for  the  two  principal  planes  of 
polarization  is  given  by 


where 


n 

e 


”o  2 


ordinary  refractive  index 

extraordinary  refractive  index 

electro-optic  coefficient  in  cm/voit 

magnitude  of  the  electric  field  applied  in  the  z direction. 


The  signs  depend  upon  the  sign  of  the  applied  electric  field.  For  a crystal  of 
length  L,  a phase  shift  is  induced  bet^veen  the  two  principal  waves  on  propagation 
through  the  crj'stal;." which  is  related  to  the  magnitude  of  the  applied  electric  field. 
The  time,  t,  that  light  takes  to  traverse  the  cr>'stal  in  the  y direction,  depends  upon 
the  presence  or  absence  of  the  electric  field,  as  well  as  the  plane  of  polarization. 


The  times  of  traversal  of  the  two  orthogonal  polarizations  directed  along  z and  x, 
respectively,  are  given  by  the  following  equations: 


and 


t = 
. z 
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where  c is  the  speed  of  light  in  vacuum.  The  difference  in  the  traversal  time,  Lt, 
between  the  two  waves  at  the  crystal's  output  is 


1 : 

\V  * V 


At  = t -t 
z y 


c “V 


The  phase  difference,  r,  is  related  to  the  differential  time  by 


r = 2i^uLt 
2irvL 

' — (\-v 

2irL  , 

radians . 


Substituting  equation  (2-1)  into  equation  (2-7)  gives 


2vh 


(p.  - n J + 
e 0' 


TTh  , 3 

X ^63  V 


The  first  term  in  the  transverse  fie'd  equation  represents  the  natural  birefringence 
and  the  second  term  indicates  tl:e  field  dependent  retardation.  One  of  the  more 
difficult  problem  3 with  the  transverse  field  modulator,  arises  from  the  field 
independent  term  because  of  its  sensitivity  to  enviromnental  changes.  It  is 
possible  to  construct  a modulator  which  is  thermally  compensated  by  cancelling 
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the  natural  birefringence  terms.  This  is  accomplished  by  arranging 

the  electro-optic  crystals  in  suitably  oriented  pairs. 

/ 

The  polarization  state  at  the  modulator's  output  is,  in  general, 
elliptical,  with  an  ellipticity  which  depends  upon  the  relative  phase 
difference,  F,  between  the  two  normal  field  components.  By  applying 
the  correct  electrical  field  magnitude,  the  output  can  be  made  either 
right  or  left  circularly  polarized.  This  occurs  for  an  induced  phase 
difference  of  ±ir/2  radians  respectively.  The  voltage  required  to 
change  the  output  polarization  from  one  orthogonal  state  to  another  is 
defined  as  the  modulation  half-wave  voltage,  V \/2,  and  corresponds 
to  a unity  modulation  depth. 

Since  system  performance  is  related  to  the  information 
w carrying  power,  rather  than  the  total  power  in  the  transmitted  beam, 
it  becomes  necessary  to  define  a modulation  depth  parameter.  Con- 
sider the  transfer  characteristics  of  the  system's  optical  elements, 
shown  schematically  in  Figure  3-43.  Element  number  one  is  the 
optical  modulator  which  is  effectively  a variable  phase  retardation 
plate,  having  axes  denoted  Sj^  and  and  produces  a phase  differ- 
ence, between  polarization  components  directed  in  the  Sj  and 

axes,  of  amount 


Element  number  two  is  a phase  plate  having  axes  S and  F rotated 

Ct  6 

through  an  angle  <p  with  respect  to  the  reference  direction  and 

which  produces  a phase  retardation  r betwe«m  components  along  S 

and  F^*  The  Saleil-Babinet  compensator  is  a precisely  variable 

phase  retardation  plate  which  permits  a continuous  adjustment  of  r 

2 

over  several  optical  wavelengths.  Element  number  three  is  the 
polarization  prism  which  spatially  separates  the  polarization  compo- 
nents having  directions  along  Q and  P.  The  polarization  prism  has  its 
P axis’  rotated  through  an  &ngle  p with  respect  to  the  reference  direc- 
tion Fj.  It  can  be  shown  by  sirriple  analysis  that  the  transfer  charac- 
teristics pf  this  series  of  elements  are  given  by  equations  in  Fig- 
ure 3-44,  where  Ep  and  E^  denote  the  electric  field  amplitudes  of 
the  two  spatially  separated  beams.  Either  the  Ep  or  the  E^  field  can 
be  selected  in  an  OOK  communications  system  as  employed  in  the 
AOCP.  The  trigonometric  representation  is  used,  rather  than  the 
Jones  calculus  in  this  analysis  because  it  readily  displays  the  cyclic 
nature  of  the  component's  orientation.  A computer  program  has  been 
written  which  gives  the  ratio  of  the  output  beam  intensity  to  that  at 
the  input  to  the  optical  modulator  with  optical  bias  and  component 
tolerances  and  orientations  as  parameters. 

Figure  3-45  shows  the  transfer  characteristics  of  the 
train  of  components  illustrated  in  Figure  3-43  for  of  0 and  ^ of  ij^/4 
radians.  The  optimum  operating  point  can  be  seen  to  occur  at  a 
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Figure  3-44,  Polarization  Modulation  Transfer  Equations 
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Figure  3-45.  Optical 
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in  System  Modulation  Characteristics 


modulator  bias  point  of  F^  = 0 radian.  It  can  be  seen  by  inspection 


of  equations  of  Figure  3-44  that  the  Ep  and  amplitudes  vary  in 


quadrature  with  Fj  for  this  operating’ point. 


The  outputs  of  the  square-law  photodetectors  are  proportional 

to  the  input  beam  intensities,  or  the  square  of  the  beam  amplitudes. 

The  respective  output  photocurrents  I and  I are  given  by 

Jr'  . Q 


ip»Ep^  “I  (1  - 


for 


= ir/Z  radian 


^ - 0 


P = tt/4  radian. 


A modulation  depth  parameter,  M,  can  be  defined  as 


M = 


^peak  ^0 


for  each  channel,  where  I is  the  peak  intensity  of  the  beam,  and  I 

peaK  0 

is  the  average  beam  intensity  for  F^  = 0 for  the  operating  point  shown 
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in  Figure  3-45.  Note  that,  for  this  condition,  the  transfer  charac- 
teristics are  symmetrical  for  the  two  outputs  and  the  modulation 

<*  * 

depths  in  the  two  channels  are  equal.  Figure  3-46  shows  a plot  of  modu- 

t.  .■«.  ■ . 

lation  index  M for  the  optimum  operating  point,  and- indicates  the 
nonlinear  nature  of  the  transfer  characterist;  cs  of  the  system  with 
respect  to  phase  retardation  T.  and  the  applied  modulation  voltage. 

Another  useful  parameter  for  describing  modulation  in  the 

‘ * 

■ dynamic  extinction  ratio,  i.  e. , the  ratio  of  tne  energy  in  off  state  to 
that  of  the  on- state.  Figure  3-47  illustrates  the  modulated  waveform 
and  gives  the  dynamic  extinction  ratio  for  various  modulation  waveform 
use  and  fall  times. 

Modxdator  Design 

Modulator  Design.  - The  optical  modulator  is  shown  in  Figure  3-48,  with 
the  crystals  exposed.  The  modulator  consists  of  four,  90  percent 
deuterated  KDP  crystals  having  dimensions  3,  5 mm  x 3.  5 mm  x 
50,  8 mm.  The  crystals  are  arranged  in  pairs  to  cancel  the  natural 
birefringent  terms.  Two  crystal  orientations  are  employed  in  this 
construction  as  illustrated  in  Figure  3-49  (a)  and  (b),  with  the  elec- 
tric field  applied  along  the  crystallographic  (001)  axis  in  both 
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Figure  3-46,  Modulation  Index 


Figure  3-47.  30  Megabit  Beam  Modulation 


Figure  3-48.  Transverse  Field  O tical  Modulator 


orientations.  Figure  3-50  shows  the  arrangement  of  the  crystal  pairs 

in  the  modulator.  The  crystals  are  alternately  rotated  90°  and  the 

/ 

$ 

driving  voltage  polarity  at  each  crystal  is  selected  so  that  the  elec- 
trically induced  birefringence  terms  are  additive,  and  the  field 
independent  terms  cancel. 

The  modulator  is  filled  with  a lightweight,  silicone  oil 

(Dow  Corning  550  Fluid)  which  provides  both  improved  thermal  sta-  > ; 

f f- 

bility  and  a gcod  optical  interface  index  matching,  •'  M 

The  longitudinal  half-wave  voltage  (i.e. , voltage  required  to  produce  a 
tr  radian  phase  difference  between  two  orthogonal  polarizations  propagating  along  the 
. optical  axis)  has  been  measured  for  the  deuterated  KDP  to  be 

(longitudinal)  = 3 . 2 Kv . 

2 

The  corresponding  voltage  for  the  same  material  used  in  the  transverse  mode 
(i.e.*,  light  propagating  transverse  to  the  optic  axis  and  electric  field  direction)  is 
given  approximately  by 

. . 1 

V;^  (transverse)  = (longitudinal)  , 

2 "^2 

where 

d = crystal  dimension  in  direction  of  electric  field 
= 3.5  mm 

S_  = total  crystal  length 
= 203.2  mm. 
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The  computed  for  the  transverse  mode  is 
o’ 

/2  X 3.5  mm\ 

(transverse)  = 3.2  x10  volts  ( 203.2  mm  / 

2 ,/  ■ , . 

= 110,2  volts.  , • 

The  measured  transverse  mode  half-wave  voltage  is  within  2 percent 

of  the  calculated  value.  ... 

The  modulator  appears  electrically  as  a parallel  plate  capacitor  of  square 
cross  section  with  a capacitance  given  by 

^ ^ ^0  ^T  ’ 

it 

where 

S_  = total  modulator  crystal  length 

T > 

K = dielectric  constant  . ' 

= 50 

r = free  space  permittivity 

^ 2 

•=  8.854  x 10  farad/meter. 

The  computed  modulator  capacitance  is 

C = 50(8.854  x 10  farad/meter)  (0.2023  meter) 

= 80.95  X lO^^^  farad. 

The  measured  capacitance  is  approximately  100  picofarad. 

The  difficulty  with  a modulator  of  this  type  arises  from  its  relatively  high 
capacitance  and  the  concomitant  problem  of  constructing  a driver  capable  of  providin 


the  required  charg;ing  currents  for  fast  rise 
that  the  capacitance,  C,  of  the  modulator  is 


time  pjlse  operation.  It  can  be  shown 

related  to  the  half-wave  voltage , . by 

2 


2 


where 

C » = permittivity  of  the  electro-optic  material 

2 2 

*=  442.7  coul  /nt-m 
= ordinary  index  of  refraction 

r = electro -optic  coefficient 

63 

X = laser  wavelength 

a — laser  beam  cross  section  diameter. 


This  equation  shows  simply  that,  for  a given  modulator,  the  half-wave 
voltage  can  be  reduced  only  at  the  expense  of  increased  modulator*  capacitance. 

The  raodulator/driver  problem  becomes  one  of  effecting  a suitable  voltage/current 
compromise  for  a desired  performance  which  is  compatible  with  available  electro  me 
components  and  to  devise  a driver  circuit  which  is  conservative  of  driver  power. 

The  present  system  has  a modulator  crystal  length  of  20  cm  with  an 
aperture  of  3.5  mm.  and  has  a half-wave  voltage  of  110  v.  Modulator  capacitance 
is  approximately  100  pf . The  charging  current  required  for  10  nsec  pulse  rise 

time  is 

V faradi  a.l  x 10^  volts) 

i = C“  - -8 

^ IQ  sec 

= 1.21  amperes.  * 

This  voltage/current  requirement  exceeds  the  rating  of  existing  semiconductor 
components  capable  of  the  fast  switching  speeds;  consequently,  some  compromise 
must  be  made.  The  present  modulator/driver  is  capable  of  providing  50  v with  . 
the  required  rise  time  for  a modulation  depth  of  6b  pciccnt. 


The  input  power  required  of  the  modulator  driver  is  given 


by: 


max 


^ Cvf  (N)  watts 

2 \ 


where 


C = modulator  capacitance  = 170  pf. 


t/2 


modulator  half-wave  voltage  = 55  volts  (or  voltage  ■ 
applied  to  modulator ) 


N = number  of  signal  transitions  per  second 


A 30  megabit/second  data  rate,  assuming  alternate  ones  and  zeros  gives  approxi 
tnately  3 x 10^  transitions  per  second.  Figure  3--51  shows  the  maximum  drive 

power  required  for  this  modulator.  ^ 

Modulator  Driver 


• « The  modulator  driver  performs  the  function  of  interfacing 

the  A/D  converter  with  the  optical  modulator.  The  driver  accepts  a 

^ * 

nominal  0 and  1 volt  digital  signal  from  a 75  ohm  source  and  provides 
a 0 and  50  volt  output  at  the  necessary  impedance  match  to  drive  the 
optical  modulator.  The  driver  employs  an  all  solid  state  design  and 
consists  of  three  pulse  amplifiers,  two  emitter  followers,  and  a 
modified  push-pull  output  stage  as  illustrated  by  the  schematic 
diagram  of  Figure  3-52, 
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Figure  3-51.  Maximum  Power  Requ.lremcnta 
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Figure  3-52.  30  M-Bit  Modulator  Driver 


A 1.0  volt  input  p«l.se  is  received  nt  the  base  of  Ql.  With  a 1.0  volt  input, 

.he  transistor  is  just  turned  on  and  yields  little  gain  so  the  6 . 8 K resistor  was  ; 

’ Uded  in  the  base  circuit  to  prebuas  the  base , thereby  allowing  the  input  pulse  to  draw 
this  transistor  into  full  conduction.  The  second  transistor  is  an  emitter-follower 
which  acts  as  a buffer  for  the  first  amplifier.  The  following  amplifiers , Q3  and 
04  sharpen  the  pulse  rise  time  and  develbp  the  power  necessary  to  drive  the  output 
stage.  The  emitter-follower  Q5  matches  the  pulse  drive  to  the  input  of  the  fmal 
stage  which  is  a PT  2000  high  frequency  power  transistor.  Since  this  device  is 
capable  of  operating  with  amps  of  collector  current,  it  requires  a good  base  drive 
to  deliver  output  power.  To  be  an  effective  driver,  the  unit  must  operate  at  a 
SO  megabit  rate  which  requires  handling  pulses  of  33  nsec  duration.  The  driver 
tniist  deliver  these  high  voltage  pulses  to  a capacitive  load  of  approximately  100  pf 
(the  crystal  modulator) . The  capacitive  load  tends  to  store  a charge.  Unlike  a 
resistive  load,  it  must  be  caused  to  discharge  rapidly  enough  to  reproduce  the 
input  pulse  with  reasonable  accuracy.  Dlseharging  the  load  is  relatively  easy 
as  Q6  is  caused  to  conduct  by  a positive  pulse  on  its  base,  it  forms  a very  low  resistance 
path  to  ground,  rapidly  discharging  the  load  capacitor  (the  discharge  time  bemg 

12-14  nsec). 

If  the  required  charge  path  for  the  capacitor  was  through  the  5 watt  load 
resistors  which  total  140  ohms  it  would  take,  considering  5 time  constants  tor  full 
charge . 70  nsec  to  charge  the  capacitor.  Therefore , a different  charge  path  is 
required.  At  the  end  of  the  input  pulse.  the  negative  going  edge  is  coupled  capacitive  y 
to  Q7  causing  QT  to  draw  current  during  the  negative  transition  and  thereby  charging 
the  load  capacitance  in  IS  nsec  through  the  low  resistance  path  of  the  emitter  to  , 
collector  of  Q7.  The  input  to  Q7  is  delayed  a few  nsec  to  allow  Q6  to  begin  turning 
off.  If  Q6  were  not  turning  off,  it  would  supply  a low  resistance  short  through  its 
collector  to  emitter  junction  which  would  draw  a destructive  current  through  Q7 . 

Q7  is  a relatively  low  current  transistor  compared  to  Q6.  The  unique  push  | 
method  described  above  is  made  necessary  by  the  lack  of  high  power,  high 
frequency  PNP  tr.ansistors  on  the  market.  The  PT  2600  is  a 5 w.att  amplifier 
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which  has  useable  gain  at  250  me;  no  PNP  complement  could  be  found 
for  this  device.  The  PNP  transistor,  2N2905,  which  is  used  dissi-. 
pates  less  than  1.  0 watt,  but  has  the  necessary  frequency  response 
for  this  circuit.  In  addition  to  the  power  and  frequency  requirements,  ' 
the  transistors  must  be  capable  of  handling  high  collector-to-base. 
voltages,  the  requirement  here  being  a minimum’ of  50  volts.  This 
made  PNP  transistors  even  more  scarce  for  this  application, 

T 

The  modulator  driver  has  been  operated  into  dummy  loads 
of  up  to  200  pf  capacitance  at  a 30  megabit  rate  with  a 45  volt  output 
pulse  amplitude.  The  pulse  width  and  pulse  repetition  rate  capabilities 
are  from  30  nsec  to  50  ^sec  pulse  width  and  15  MHz  to  4 KHz  pulse 
repetition  .rate. 

Figure  3-53  shows  a comparison  of  the  signal  waveform  at 

the  driver  input  to  that  at  the  output  of  a PMT  detector.  The  signal 

waveform  is  derived  from  the  31  bit  pseudorandom  generator  in  the 

■RER. 

The  longest  pulses  anticipated  in  the  nonreturn-to-zero 
system  is  667  nsec.  No  pulse  stretching  should'occur  for  a pulse  of 

this  duration.  However, . transistors  which  have  been  saturated  for 

a considerable  length  of  time  tend  to  remain  in  a conduction  state 
due  to  the  base  storage  charge.  The  driver  will  operate  better  with 
digitized  TV  pictures  of  lower  contract,  i.  e. , no  rapid  transitions 
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Figure  3-53.  Optical  Modulation  Pseudo  Random  Word 

(T)  WAVEFORM  AT  INPUT  TO  DRIVER 

@ DETECTED  WAVEFORM  OUTPUT  OF  OPTI CAL  RECEIVER 
NARROW  PULSE  27  NSEC  WIDE. 
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from  black  to  white,  where  there  is  the  opportunity  to  generate  long 
pulses.  This  is  not  to  conclude  that  it  will  not  operate  with  high 

j ' , 

contrast,  but  the  error  rate  measured  is  higher,  although  picture 

t ■ 

quality  appears  good.  For  example,  when  the  vidiccki  beam  is  turned  . 
down  so  there  is  no  picture,  the  A/D  converter  transmits  a 1:2  on-off 
ratio  of  33  nsec  pulseis  at  a 100  nsec  repetition  rate.  The  measured 
error  rate  for  this  condition  is  much  lower  than  for  a high  contrast 

» t 

picture.  ' , ; ^ 

' « i 

The  construction  and  operation  of  the  driver,  is  relatively 

•f 

simple,  in  that  there  are  no  variable  components  and,  therefore,  no 

need  for  tuning  or  adjusting  to  become  operational,  The.unit  is  ' 

< 

reliable,  even  when  handling  high  power,  fast  rise  time  pulse  informa- 
tion; no  failures  have  been  recorded  throughout  laboratory  or  field 
test’"  g.  . ! 

t 

' ‘ 

\ 

» 

3.4.  3 Laser  Power  Monitor.  - The  function  of  the  laser  power  monitor  is  to 
measure  the  average  modulated  laser  power  and  to  monitor  the  noise  on  the 
output  laser  beam  within  a 5 kHz  bandwidth.  The  noise  measurement  is 
made  so  that  any  noise  existing  within  this  bandwidth  will  not  be 
interpreted  as  atmospherically  induced.  The  laser  power  monitor 


is  an  RCA  type  8644  photom.ultiplier  sampling  less  than  1 percent  of 
the  transmitted  laser  power.  Narrowband  and  neutral  density  filters 
are  located  in  the  power  monitor  path  to'  reduc;e  the  laser  power  and 
background  power  on  the  detector  to  an  acceptable  level  (^10  watts). 

The  laser  power  monitor  subsystem  circuit  diagram  is  given 
in  Figure  3«54.  . . .. 


3,4.4  Beam  Divergence  Control.  - The  beam  divergence  control  subsystem 
pro^ddes  a continuously  variable  transmitted  beam  divergence  control,  i.  e. , 
ydthout  interruption  of  the  transmitted  beam.  The  divergence  is  made  in 
six  discrete  steps  by  displacement  of  one  lens  of  a small  telescope. 

The  range  of  adjustment  is  from  near  diffraction  limit  for  the 

I 

1,  5 inch  (3.  81  cm)  output  beam  diameter  to  approximately  0.  5 mrad. 

The  calibration,  data  for  this  device  is  presented  in  a later  section. 

This  beam  decollimation  is  achieved  without  loss  due  to  vignetting 
e^nd  without  substantial  output  beam  diameter  change  in  the  design, 
selected. 

The  beam  divergence  subsystem  comprises  a moveable 
paritive  focal  length  lens,  L^,  and  a fixed  positive  focal  length  relay 
lens,  L^.  Lens,  L^  provides  a twofold  function,  1)  it  produces  a 
point  image  of  the  laser  input  beam  which  is  rnoveable  relative  • 
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Figure  3-54.  AOCP  Laser  Power  Monitor  5 KC  BW 
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to  lens  L and  2)  it  permits  a selection  of  the.appropriate  telescope 

power  to  control  the  exit  beam  diameter  to  ensure  proper  location  and 

» 

size  of  the  transmitted  beam  in  the  primary  optical  system  exit  pupil. 
Figure  3-55  shows  the  optical  schematic  for  the  bearh  divergence 
telescope.  The  basic  equation  describing  the  beam  divergence  sub- 
system operation  are  as  follows; 


tan 


e 


yCa-f^) 


or  for  small  angles 


0 = 


2y(a-f^) 

-Mf77 


where  0 = beamwidth  in  object  space  from  the  system  primary 

f . ' afocal telescope 


y = radius  of  beam  at  input  of  beam  divergence  telescope 
(at  L^) 

a = distance  between  lens  and  point  image  formed  by 

fj  = focal  length  of  lens  Lj 
= focal  length  of  lens 

M = Magnification  of  primary  afocal  telescope  * 
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'O  Figure  3-55,  Beam  Divergence  Telescope  Optical 

Schematic 
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Figure  3-56  sho’vs  the  mechanism  that  controls  the  beam 
divergence.  The  actuator  is  a six  position  stepper  motor  controlled 
by  an  electronic  logic  circuit.  Lens  L^  is  mounted  in  a honed  piston/ 
cylinder  for  precise  axial  motion.  The  spring  loaded  piston  assem- 
bly is  driven  by  a precision  cam  and  follower.  The  cam  shape  and 
position  on  the  stepper  motor  shaft  determines  the  range  of  the  beam 
divergence  adjustment.  Calibration  of  the  beam  divergence  control 
is'  described  in  the  test  and  calibration  section  of  this  report. 


IG 

.Y^LENS 


3.  5 TV  Acquisition  Aid 

The  TV  coarse  acquisition  aid  was  adapted  f::om  an  ITT  Electro -Optical 
Sensor  designed  specifically  for  the  Short  Range  Missile  (SRM) 
application.  Some  of  the  outstanding  features  of  the  EO  Sensor  are: 

small  physical  size,  fast  acquisition,  high  tracking  rates,  proportional  error  outputs 
and  adaptive  gates. 

The  camera  (video  sensor)  and  all  on  gimbal  components  are  packaged  witliin 
■ a 4, 25*'  diameter  sphere.  The  off  gimbal  electronics  occupies  48  cubic  inches  of 
space  excluding  power  sources,  converters  and  reg-alators.  ‘ 

Acquisition  times  are  between  10  to  150  millisecond  after  a target  has  been 
detected.  The  initial  error  outputs  are  available  within  10  msec;  however  depending 
on  line  of  sight  rates,  target  contrast  and  background  clutter;  the  pealc  detector 
requires  one  or  more  video  fields  to  complete  target  selection. 

Tracking  rates  are  a function  of  gate  size,  target  range  and  contrast. 

Continuous  tracking  is  maintained  if  contrast  smear  due  to  relative  motion 
between  target  and  sensor  does  not  lower  the  video  ievel  below  system  threshold; 
the  target  does  not  move  out  of  the  gated  (window)  area  in  a 10  msec  field  period;  and  the 
target  videq  is  found  above  tlireshold  an  a minimum  of  :ow  video  lines  in  the  field  of 
view.  Line  of  sight  rates  on  targets  of  100%  contrast  liuit  fill  1C%  of  the  field  of  view 
are  in  excess  of  CO  degrees  per  second  if  no  pointing  error  corrections  are  made. 

The  azimuth  and  elevation  error  outputs  are  poniortional  to  tlie  position  of  die 
center  of  the  target  in  tiie  field  of  view  accurate  to  vvithin  5%  over  the  entire  field  and 
less  than  + 1%  over  the  inner  40%  of  the  field  of  view. 

Adaptive  gates  wnich  are  a function  of  target  size  and  sliapo  help  reduce  bacltgr'ound 
clutter  in  the  field  of  view  by  eliminating  all  video  from  the  ai'ca  outside  of  the  tracking 
gates  from  the  signal  orocossing.  The  gates  may  be  set  at  any  ratio  propoi’tiojial  to 
target  width  and  height  and  in  this  tracker  have  been  set  to  twice  the  target  size  so 
that  Uie  ga-es  arc  l/2  target  clltiiension  beyond  each  ecige  c;  the  target. 


A 


0 


0. 
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The  error  outputs  {azimuth  and  elevation)  are  accumulated  at  the  camera  field 

j-atc  which  is  60  fields  per  second.  Since  no  smoothing  is  supplied  in  the  sensor  the 

data  ra«v,  60  -amples  per  second,  is  equal  to  the  camera  field  rate  and  twice  the 

frame  rate  (30  frames  per  second), 
o o 

The  5 X 5 F.  O.  V.  (field  of  view),  minimum  target  size  (9  feet)  at  3 n.  mi. 
(nautical  miles),  acquisition  times  of  less  than  200  msec  and  tracking  rates  of  30  degrees 
per  second  were  considered  in  arriving  at  the  frame  rate  and  number  of  television 

’i 

lines  per  field.  These  considerations  include  the  minimum,,  number  of  lines  to  achieve 
the  required  resolution,  the  MTF  (modulation  transfer  function)  of  a 1/2"  vidicon  and 
the  ease  of  converting  standard  television  sweep  and  interlace  circuits.  At  a range 
of  18, 000  feet  the  87.  25  x 87. 25  milliradian  FOV  is  1572  ft^  A 9 ft^  target  subtends 
9/1572  1/175  of  the  FOV.  To  obtain  one  bit  of  video  information  the  target  must 
subtend  at  least  a portion  of  the  width  of  a scanned  .'ine,  preferably  a complete  line,, 
each  time  the  FOV  is  scanned.  If  a 50  frame/second  rate  with  interlace  is  used  the 
number  of  fields  scanned  is  100  per  second  and  it  is  necessary  to  subtend  a portion  of 
the  target  on  one  line  in  each  field  to  obtain  X-Y  infcrmation  at  a 100  sample/second 
rate.  Therefore  at  100  fields/second  the  number  of  lines/field  must  be  at  least  175 
to  assure  having  target  information  in  each  field  for  minimum  target  types.  Since  there 
are  2 fields/ frame  with  retrace  time  it  requires  350  p]us  lines/frame. 

The  sensor  consists  of  two  major  subsystems  which  are  the  camera  and  the 
tracker.  The  camera  is  defined  here  as  the  vidicon  and  all  peripheral  components  which 
cause  it  to  operate  in  such  a manner  so  as  to  produce  usable  electrical  signals  which  are 
spatiaUy  referenced  to  the  scene  in  time.  It  should  be  noted  here  that  a standard  1-inch 
vidicon  camera  having  conventional  raster  scans  and  frame  rates  has  been  substituted  for 
the  SRM  camera  for  the  AOCP  application.  The  tracker  consists  of  all  circuits  which  are 
required  to  suppress  clutter  and  convert  the  target  signature  into  error  voltages  which  may 
be  used  by  the  missile  guidance  system  to  ultimately  direct  the  missile  to  the  target.  In 
addition,  the  tracker  applies  gates  on  itself  through  which  only  a minimum  amount  of  video 
immediately  surrounding  the  target  is  allowed  to  be  processed  in  the  tracking  circuits. 
Simplified  block  diagrams  for  the  camera  and  tracker  electronics  are  given  in  Figure  3.57 

and  3-58. 
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Figure  3-57,  TV  Tracker  Camera  Block  Diagram 
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^ Figure  3-58.  TV  Tracker  Signal  Processor  and  Position  Detector 


Tracker  Operation 


To  promote  a better  vinder standing  of  the  TV  acquisition  aid 

/ 

sensor,  a signal  will  be  traced  through  the  sigral  processor  and  position 

t 

detector  to  show  how  error  signals  are  derived  from  target  information 
imaged  on  the  vidicon.  It  is  assumed  that  the  reader  understands  the 
operation  of  a television  camera  and  it  will  only  be  necessary  here  to 
establish  a relationship  between  the  target  spatial  position,  time  estal^lished 
by  the  sensor  clock  and  the  error  voltage  derivt.d  from  these  two.  To 
facilitate  ease  of  drawing  waveforms  and  explanation  we  will  use  the  simple 
target  of  Figure  3-59(A)  with  only  21  lines  of  video.  This  particular 
target  is  complex  enough  to  demonstrate  the  functions  of  the  signal  pro- 
cessor and  position  detection  circuits.  The  voltages,  number  of  video 
lines  and  relative  magnitudes  are  used  only  to  simplify  the  explanation. 

,It  should  be  kept  in  mind  that  all  of  the  operating  principles  described  are 
applicable  to  the  actual  SRM  sensor  shown  in  the  Camera  and  Tracker 
Block  Diagrams.  (Figures  3-57  and  3-58.) 

The  vidicon  target  is  scanned  by  an  electron  beam  which  is  deflected 
by  the  vertical  and  horizontal  ramp  functions  as  shown  in  A of  Figure  3-59. 
For  each  elemental  position  on  the  vidicon  target  there. is  a time  and 
voltage  relationship  with  the  system  clock  and  the  ramp  functions  generated 
by  this  clock,  (see  Figure  3-59).  Therefore,  if  the  signal  processor  and 
position  detector  obtain  their  reference  from  the  same  source  as  the  vidicon 


we  can  obtain  a set  of  error  voltages  which  indicate  the  spatial  position 
of  the  target  center  if  it  is  anywhere  within  the  field  of  view. 
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Figure  3-59.  Video  Target-Time-Voltage  Relationship 


As  the  field  of  view  is  scanned  line  by  line  raw  video  is  sequentialby 

made  available  to  the  signal  detector.  The  waveforms  for  video  lines  9 

th^^ough  15  are  shown  in  B of  Figure  3-59.,  'The  raw  video  has  certain 

inherent  information  which  is  utilized  in  the  signal  processor.  There  is 

*•  « <• 
thq  background  level  which  is  due  to  the  average  scene  brightness,  the 

target  and  clutter  may  be  lighter  or  darker  than  the  background  and  portions 
of  the  scene  may  have  more  contrast  than  others  which  results  in  higher 
peak  levels  in  the  video.  The  raw  video  is  first  amplified  in  an  operational 
amplifier.  The  amplified  output  is  integrated  to  achieve  a d.  c.  voltage 
proportional  to  the  average  scene  brightness.  This  integrator  input  is 
opened  by  an  analog  switch  during  blanking  time  to  eliminate  blanking 
information  from  the  integrated  output.  The  d.  c.  output  is  differentially 
added  to  the  video  operational  amplifier  input  so  the  output  video  is  always 
referenced  to  the  average  background.  The  video  output  is  positive  or 
negative  with  respect  to  ground  depending  on  whether  it  is  brighter  or 
darker  than  the  background.  In  addition,  the  d.  c.  generated  from  the 
background  is  added  as  a portion  of  the  threshold  voltage  which  will 
ultimately  determine  if  video  is  target  or  clutter.  A portion  of  the  back- 
ground referenced  operational  amplifier  output  is  further  amplified  in  a 
differential  amplifier.  This  integrated  amplifier  has  a gate  controlled 
input  which  is  used  to  disable  the  amplifier  during  camera  blanking. 

Both  video  polarities  from  the  differential  outputs  are  peak  detected  and 
the  peak  amplitude  voltage  is  held  in  a memory  circuit.  The  peak 


detector  is  active  at  all  times  in  the  absence  of  video  input.  After  video 
information  is  first  detected  a timing  circuit  is  energized  whicl  ‘.olds  the 
peak  detector  circuit  at  full  gain  for  approximately  15  fields.  During  this 
period  the  field  of  view  is  tested  by  the  peak  detector  for  the  highest  contrast. 
After  this  selection  is  made  and  the  gates  are  set  around  the  detected 
contrast  area  the.  timing  circuit  reduces  the  peak  detector  gam  to  allow 

lower  threshold  control  and  consequently  tracking  of  the  entire  target 

rather  than  the  highest  contrast  in  the  target.  The  peak  detector  output  is 
summed  with  the  background  reference  level  to  establish  threshold  levels 
for  the  video  comparator. 

The  video  comparator  is  an  integrated  circuit  dual  comparator.  The  background 
referenced  video  which  contains  positive  and  negative  outputs  is  compared  to  positive 
and  negative  threshold  levels  derived  from  the  background  level  and  peak  detector. 

The  positive  and  negative  threshold  may  be  adjusted  for  different  dynamic  slopes 

and  ranges. 

If  the  video  input  is  more  positive  than  the  positive  threshold  or  more  negative 
than  the  negative  threshold  the  comparator  output  switches  state  yielding  a positive 
logic  level  output  (B  of  Figure  3-59).  The  comparator  has  a strobing  input  also  used 
to  apply  gates  to  the  video  signal.  After  acquisition  the  position  detector  locates  early  and 
late  gates  around  the  target.  These  gates  are  used  to  disable  the  comparator  so  that 
clutter  which  may  appear  in  the  field  of  view  is  not  passed  to  the  position  detector 
If  it  is  outside  of  the  gated  (window)  area.  The  output  from  the  comparator  is 
logic  level  pulses  vMch  are  proportional  in  width  to  the  video  which  is  above 
threshold. 
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3,  6 Down  Link  Communications  Equipment 

3,6.1  Information  eroding.  - The  video  A/D  converter  uses  a form  of  tiie  delta  modu- 
lation process  which  transmits,  one  bit  at  a time,  the  changes  in  the  video  analog  signal 

The  changes  in  the  analog  input  signal  are  determined  by  comparing  the  input  level  with 
the  level  of  a previously  sampled  portion  of  the  input  by  means  of  a digital  feedback 
loop.  The  difference  between  the  levels  of  the  reconstructed  analog  and  the  input 
video  appears  as  an  error  signal  from  the  comparator  which  feeds  a binary  decision 
circuit.  In  a conventional  linear  integration  delta  coder,  positive  or  negative  pulses 
are  generated  at  the  clock  rate,  depending  upon  whether  or  not  the  reconstructed 
output  is  greater  or  less  than  the  input  analog.  The  pulses  generated  are  either 
positive  or  negative  at  each  clock  period,  and  their  amplitudes  are  constant  regardless 
of  the  magnitude  of  the  error.  The  analog  signal  is  reconstructed  from  the  pulse 
train  by  an  integrator  whose  output  decreases  or  increases  a fixed  amount,  depending 
upon  the  polarity  of  the  pulse  and  its  input.  The  feedback  from  the  integrator  to  the 
comparator  is  degenerative,  so  that  the  reconstructed  signal  approaches  the  input 
signal,  as  shown  in  Figure  3-60.  The  digital  signal  coupled  out  of  the  analog -to -digital 
converter  is  the  pulse  train  from  the  binary  decision  circuit.  The  analog  signal  can  be 
reconstructed  at  the  receiver  by  using  an  integrator  identical  to  the  analog-to-digital 
converter. 

The  A/D  conversion  employed  in  this  equipment  is  a slight  modification 
of  the  conventional  process  in  that  a pulse  train  of  only  one  polarity  is  used  to  drive 

the  integrator.  A pulse  either  e.vists  or  does  not  exist  at  each  clock  period.  The 

# 

integrator  circuit  consists  of  an  integrating  capacitor  and  a resistor.  The  capacitor 
charges  one  step  of  voltage  when  there  is  an  input  pulse,  and  discharges  through  the 
resistor  in  the  absence  of  a pulse.  The  integrator  is  nonlinear,  since  the  leakage 
current  is  proportional  to  the  voltage  across  the  integrating  capacitor,  as  shown  in 
Figure  3-61, 
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Figure  3-62  shows  u block  diagram  of  the  analog-to-digital  converter. 

The  input  analog  video  is  amplified  and  compared  with  the  reconstructed  analog  at  the 
summing  junction.  The  difference  voltage  is  fed  to  the  first  binary  decision  circuit, 
which  samples  the  error  signal  at  a rate  determined  by  the  system's  clock  generator. 

If  the  error  voltage  exceeds  a prescribed  threshold,  a pulse  appears  at  the  output  of 
the  first  decision  circuit.  The  pulses  appearing  at  the  output  of  the  first  decision 
circuit  have  some  leading  and  trailing  edge  jitter,  which  is  proportional  to  the  ’ . 

magnitude  of  the  error  signal.  To  remove  this  signal,  a second  decision  circuit  is 
used.  The  clock  signal  gating  the  second  decision  circuit  is  delayed  slightly,  so 
that  it  does  not  respond  to  the  jittering  edges  on  the  pulses. from  the  first  decision 
circuit.  The  pulse  train  from  the  second  decision  circuit  is  fed  to  the  integrator. 
Which  reconstructs  an  analog  video  signal  from  the  pulses.  The  reconstructed  analog 
is  fed  to  the  summing  jur.ction,  and  to  an  output  which  permits  monitoring  of  the 
analog-to-digital  conversion  performance.  The  digital  signal  from  the  second  decision 
circuit,  which  contains  the  video  information,  is  of  the  return -to-zero  form.  The 
reclocker  circuit  converts  the  output  to  a nonreturn-to-zero  signal  at  a nominal 
0 and  1 volt  level,  which  is  accepted  by  the  optical  modulator's  driver  circuit. 

A detailed  description  of  the  digital  communications  equipment  has  been 
supplied  to  NASA  in  a separate  report. 
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-Pseydo  Random  Generator.  - A relatively  abort,  31  bit  pseudo  random  pattern 
length,  has  been  utilized  in  the  communication  (sxperiment  equipment  for  bit  error  rate 
- - measurement.  This  length  is  adequate  for  measuring  error  rate  on  the  present  wide- 
band laser  link,  and  at  the  same  time  permits  scintillation  measurement  by 
use  of  convenient  low.  center  frequency  filters  at  the  ground  station. 

For  some  communication  channels,  longer  pattern  lengths  (on  the 
order  of  2^^  to  2^^)  are  required  to  adequately  measure  error  probability.  ' ''  “ 

These  channels  are  characterised  by  intersymbol  interference  extending  over  ' 

many  adjacent  bit  intervals.  A noise  band  telephone  channel  is  an  example. 

Here  the  interference  Is  caused  by  phase  distortion  due  to  one  or  more  sharp  ' 
cutoff  filters  in  tandem.  In  these  cases,  the  error  probability  at  a particular 
bit  Ume  depends  on  the  particular  combination  of  a number  of  the  adjacent  bits. 
Measurement  of  average  error  probability  requires  a sufficiently  long  pattern 
to  be  sure  aU  possible  bit  com’binations  are  exercised  during  the  measurement. 

hi  the  AVLOC  system,  however,  the  inherent  channel  bandwidth 
(optical  carrier)  is  much  broader  than  the  signal  bandwidth,  even  at  the  highest 

bit  rate  (30  mb/s).  The  intersymbol  Interference  due  to  the  channel  is  thus 

negligible.  Thu  pattern  length  only  has  to  be  sutHciently  large  so  as  to  ensure 
that  all  combinations  of  the  hvo  bits  immediately  adjacent  to  the  current  bit 
are  exercised.  This  could  be  ensured  by  a pattern  as  short  as  15  bits.  The 
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reason  for  considering  the  immediateily  adjacent  bits  is  to  ensure  that  any 
inters3rmbol  interference  caused  by  imperfectly  matched  filtering  in  the 
communication  detector  is  properly  measured. 

Since  the  pattern  is  periodic,  its  spectraura  consists  of  a number 

i 

of  discrete  spectral  lines,  as  shown  in  Figure  3-63  for  the  30  Mhz  bit  rate. 
The  scintillation  measurement  made  with  data  modulation  can  be  achieved 
by  filtering  out  one  of  the  spectral  lines  (greatest  amplitude  component) 
and  measuring  its  fluctuating  amplitude.  If  the  pattern  is  too  long,  the  spacing 
between  spectral  lines  will  be  too  close  to  separate  witli  simple  filters.  The 
selected  length,  31  bits,  permits  this  filtering  with  convenient  values  of 
center  frequency.  For  example,  extraction  of  the  fundahaental  spectral  line 
requires  the  following  nominal  center  frequencies: 


- 

• 

BIT  RATE 

FUNDAMENTAL  FREQUEN 

30  kb/s 

• 

970  Hz 

• 1 mb/s 

32  kHz 

5 mb/s 

160  kHz 

30  mb/s 

970  kHz 

For  bit  rates  above  30  kb/s. 

•i-  ■ ’ ’ 

extraction  of  tlie  fundamental  code 

frequency  component  readily  enables  measurement  of  scintillation  within  the 

entire  0-5  kHz  band.  At  the  30  kb/s  rate,  the  first  five  code  components  fall 

within  the  5 kHz  band.  Consequently,  extraction  of  only  the  970  Hz  component 

would  limit  the  scintillation  band  to  nominally  0 - 500  Hz.  The  PN  spectrum 

or  juiy  intensity  modulation,  poses  potential  problems  to  the  optical  tracker.  If 
the  code  components  fall  in  the  spectral  region  of  the  scan  modulation  or  tracker 
bandwidth,  erratic  tracking  or  loss  of  track  can  result. 


3*7  ACK?P  Calibration  and  Test 


This  section  describes  the  calibration  techniques  for  the  various  AOCP 
subsystems  and  presents  calibration  data  acquired  prior  to  shipment  of  the 

I 

system  hardware.  Because  of  the  schedule  delays  resulting  from  the  earth- 
quake damage,  there  was  considerable  pressure  to  ship  to  the  integration 
contractor’s  facility  to  avoid  further  program  delays  and  increased  program 
costs.  Consequently,  the  system  tests  prior  to  shipment  were  not  as  extensive 

V 

as  was  desirable.  Further,  the  dynamic  environment  was  not  defined  and  tests 
in  that  environment  were  planned  to  be  conducted  at  the  integration  contractor's 
facility. 

Calibration  and  acceptance  test  plans  were  prepared  and  the  NASA/MSFC 
COTR  witnessed  tests  prior  to  delivery.  The  primary  test  instrument  was  the 
GCE  described  in  later  sections  of  this  report.  The  following  paragraphs 
summarize  the  calibration  tests  performed  at  the  time  of  acceptance. 

3*7.1  Modulation  Index.  - Modulation  index  measurements  were  made  using  the 
pseudo  random  word  input  to  the  modulator  driver.  The  modulation  sensor  in  the 
GCE  provided  an  output  (dc  coupled)  to  an  oscilloscope  from  which  the  peak  and 
minimum  of  the  detected  modulation  waveform  could  be  measured.  Modulation 
index  as  maximized  by  adjustment  of  the  modulation  transfer  characteristic 
operating  point  using  the  soleil-Babinet  compensator  as  described  in  the 
Modulator  section  of  this  report.  Modulation  index  can  be  varied  over  a range 
from  zero  to  75%.  The  voltage  transfer  characteristic  for  the  modulator 
are  given  in  the  Modulator  section  of  •Ms  report. 


i I 

. i 
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The  AOCP  modulation  index  can  be  readily  and  conveniently  measured 
using  the  GCE  and  is  a routine  preflight  procedure. 

3.7,2  Transmitted  Beam  Divergence.  -.The  transmitted  beam  divergence  was 
measured  by  projecting  the  beam  onto  a scene  at  a long  distance  and  determining 
the  beam  cross  section  diameter.  Figure  3-64  illustrates  the  experimental 

setup.  The  beam  diameter  is  measured  at  the  exit  aperture  of  the  afocal  telescope 
and  at  the  screen  at  a distance  of  36.  58m  (1440  inches).  The  beam  diameter 
thus  determined  corresponds  to  approximately  the  - intensity  points. 

A 

e 

The  beam  divergence  angle,  B , is  given  by  * , 


a ^ B - A 

® - R 

where 

B 

= beam  cross-section  diameter  at  the  scene 

A 

= beam  diameter  at  the  exit  pu(!)il  of  the  afocal  telescope 

f 

R 

= distance  to  screen 

Because  of  the  initial  poor  quality  of  the  afocal  telescope  corrector  plate, 


considerable  transmitted  beam  distortion  was  present  causing. fringes  to 
appear  in  the  beam  cross-section.  Figure  3-65  shows  tracings  of  the  beam 
profile  at  the  screen  for  the  various  beam  divergence  positions.  Estimates 
of  the  effective  beam  diameter  were  made  by  averaging  many  readings  taken 
by  several  observers.  Table  summarizes  the  diameter  averages  for  a 
given  beam  divergence  control  position  and  indicates  the  quivalent  beam 
divergence  angle.  This  data  is  plotted  as  the  original  calibration  data  in 
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BEAM  DIVERGENCE  MEASUREMENT  GEOMETRY 
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I.I2S  IN. 


OUTPUT  TELtSCOPt 

TRANSMITTER  APERTURE  SHOWING  BEAM  POSITION 


Figure  3-64 


Figure  3-65.  Transmitted  Beam  Pattern  at  36.  58M  (1440  Inches)  Range 
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Figure  3-66.  Note  that  the  beam  divergence  cam  was  positioned  so  that  it  was 
possible  to  move  on  either  side  of  collimation  and  actually  convel?ge  the  beam 
somewhat  a position  1,  The  beam  divergence  control  was  later  adjusted  at 
MSFC  and  the  calibration  was  repeated  by  both  ITT,  and  NASA  personnel.  The 
revised  calibrations  for  these  two  sets  of  measurements  are  pirated  in 
Figure  3-67,  with  the  original  data.  ' 

7.3  Laser  Power  Monitor.  - The  function  of  the  laser  power  monitor  is  to  meas- 

« 

ure  the  average  modulated  power  output  of  the  AOCP  HeNe  laser.  The  laser  power 
was  measured  at  the  output  of  the  AOCP  afocal  telescope  and  compared  to  the 
voltage  obtain^  from  the  power  monitor  output.  The  measurement  stand  was 

a precisely  calibrated  photo  diode  power  detector  and  power  level  changes  were 

♦ 

made  by  inserting  neutral,  density  filters  into  the  transmitter  path  prior  to  the 
laser  power  monitor  location.  Figure  3-68  is  a plot  of  the  laser  power  monitor 
calibration  data. 

^ Scintillation  Monitor.  - Calibration  of  the  scintillation  monitor,  subsystem 
utilized  the  GCE  modulated  beacon  laser  as  a source  and  an  NBS  traceable  vacuum 
photo  diode  standard  detector.  Figure  3-69  illustrates  the  photo  dtooe 
radiometer  construction.  Because  of  a nonuniform  beam  intensity  profile  from 
the  GCE,  a large  area  collector  was  used  which  simulated  the  AOCP  entrance 
pupil  in  size  and  shape  including  the  central  obscuration.  The  GCE  modulation 
Index  was  adjusted  to  70  per  cent,  and  the  power  transmitted  was  measured 
with  tlie  calibrated  photo  diode  radiometer  in  a darkened  environment.  Then 
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ARC  SECONDS  (TRANSMITTED  BEAM  DIVERGENCE) 


1000 


AOCP  TRANSMITTED  BEAM  DIVERGENCE  MEASURED  BY 
PROJECTING  BEAM  OVER  A 120  FT.  PATH  LENGTH  AND 
MEASURING  THE  SPREAD 


POSITION  NUMBER 


Figure  3-66.  Beam  Divergence  Calibration 
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ORIGINAL  CALIBRATION  DATA 
PRIOR  TO  CHANGE  IN  FIELD 


STEPPER  MOTOR  POSITION 


the  beam  from  th,e  GCE  was  permitted  to  impinge  on  the  AOCP  aperture  and 
the  scintillation  monitor  outputs  were  recorded.  This  was  repeated  for  various 
power  levels  tc  obtain  sufficient  number  of  points  for  plotting.  Note  that  the 
scintillation  monitor  outputs  are  related  to  the  t^tal  power  at  the  AOCP 
collection  aperture  rather  than  at  the  photo  detector  located  within  the  AOCP, 
Plots  of  the  scintillation  monitor  calibration  for  each  of.the  three  outputs  are 
given  in  Figure  3-70.  Outputs  of  the  scintillation  monitor  cun  be  obtained 
as  a function  of  irradiance  at  the  collection  aperture  for  a uniformly  illuminated 

♦ 

aperture  by  dividing  the  power  of  the  calibration  curves  by  the  collection  area 
as  shown  in  Figure  3-71. 

3. 7. 5 Tracker  Linearity.  - The  tracker  subsystem  transfer  characteristic  gain- 
slope  and  linearity  was  measured.  The  measurement  procedure  was  to  place  the 
AOCP  tracker  into  the  five  track  operation  mode  on  the  GCE  beacon  and  precisely 
deflect  the  GCE  output  beam  using  the  GCE  finely  adjustable  folding  mirror.  The 
beam  deflection  angle,  as  measured  by  autocolliraator,  was  recorded  and  plotted 
with  the  corresponding  tracker  output  voltage.  The  data  taken  was  plotted  on  a 
six-foot  graph  and  linearity  and  orthogonality  was  determined  to  be  better  than 
0.5  per  cent.  A summary  of  this  data  is  given  in  Figure  3-72.  The  tracker 
transfer  characteristic  gain  is  determined  by  the  slopes  of  the  z-axis  and  y-axis 
plots  and  are  indicated  on  the  graph. 
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Figure  3-71,  Scintillation  Monitor  Calibration 
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Figure  3-72.  AOCP  Tracker  Linearity  and  Gain  Calibration 
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Data  was  taken  at  various  light  levels  covering  a dynamic  range  of 
greater  than  30  db  in  voltage.  Figure  3-73  shows  the  optical  image  shape  at 
the  image  dissector  photocathode  in  terms  of  the  aperture  size  as  determined 
by  scanning  the  image  plane  \vith  the  image  dissector  aperture.  The  plot 
indicates  an  optical  image  size  to  be  very  nearly  the  size  of  the  aperture. 
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Figure  3-73.  Optical  Image  Size  at  AOCP  Image  Dissector 
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3.7.6  Boresight  Stability  - The  AOCP  transmitter /receiver  bore- 


sight  alignment  stability  was  measured  at  reduced  pressure  to  demon- 

* « 

strate  the  integrity  of  the  pressurized  transmitter  compartment  and 
its  ability  to  withstand  the  forces  produced,-, on  the  compartment.  \ 

Figure  3-74  shows  the  AOCP  unit  mounted  in  a vacuum  test  chamber  that 
permitted  the  system  to  be  operated  and  the  output  beam  direction  to 
be  monitored  or  the  pressure  was  reduced.*  The  system  was  pumped 
down  to  10  ^ torr  and  held  for  8 hours.  No  beam  wander  was  observed 
nor  was  the  pressure  in  the  compartment  reduced  as  a result  of  this 
test.  Beam  position  was  continually  monitored  during  pu?.np  down  by 
observing  the  position  of  the  laser  beam  directly  from  the  transmit^ 
compartment  impinging  on  a screen  at  a distance  of  50  feet. 

This  test  also  verified  the  integrity  of  the  high  voltage  com- 
ponents operating  in  a reduced  pressure  environment.  Later  in  the 
flight  test  phase  of  the  program,  some  problems  occurred  from  high 
voltage  breakdown  at  reduced  pressure.  This  is  believed  to  have 
been  caused  by  the  frequent  subjection  to  moisture  condensation 
resulting  from  faulty  air  conditioning  during  the  flight  tests.  The 
problem  was  fixed  by  potting  and  additional  high  voltage  insulation 
in  the  high  voltage  areas. 
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-74.  AOCP  Environmental  Test 


4.  REMOTE  EQUIPMENT  RACK  (RER) 


The  remote  equipment  rack  (RER)  hardware  tree  is  illus- 
treated  in  Figuve  4-1,  This  unit  comprises  a connector  panel  for  power 
distribution  and  housing  the  AOCP  laser  power  supply,  an  ITT  owned 
TV  signal  processer  and  tracker,  and  an  analog -to- digital  converter 
and  pseudorandom"  word  generator. 

The  power  and  connector  panel  shown  in  Figure  4-2  Is  typical 

« 

mechanically  of  the  three  panels. 

Figure  4-3  Is  a block  diagram  of  the  RER  Identifying  the 
connector  locations  and  listing  the  various  inputs  and  outputs. 

Detailed  descriptions  of  the  RER  units  are  covered  in  the  C & M 
manuals  and  elsewhere  in  this  report. 
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Figure  4-1,  Remote  Equipment  Hardware  Tree 
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Figure  4-3.  Remote  Equipment  Rack  (RER)  Block  Diagram 
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5,  CUBE  CORNER  ASSEMBLY 

The  function  of  the  cube  corner  assembly  is  to  retro- reflect 

/ 

the  GBAA  laser  radar  energy  at  the  aircraft  and  thereby  greatly 
enhance  the  aircraft's  apparent  optical  cross-section.  The  cube 
corner  assembly  comprises  the  optical  element  and  its  mechanical 
mount  as  indicated  in  the  hardware  tree  of  Figure  5-1,  Two  mechani- 
cal mount  designs  were  made.  The  initial  design  was  a three-point 
mount  illustrated  in  the  photograph  of  Figure  5-2,  At  the  request  of 
the  integration  contractor,  the  mechanical  mount  design  was  modi- 
fied to  a four -point  mount  as  shown  in  the  detailed  drawing  of 
Figure  5-3, 

The  optics  were  GFE  items  although  the  design  was  specified 
and  acceptance  tested  by  ITTG.  The  cube  corner  optical  elements 
were  procured  from  Precision  Optical  Company,  Costa  Mesa, 
California  and  proved  to  be  of  excellent  quality  near  diffraction 
limited  for  the  2,  75  incn  usable  aperture.  The  cube  corner  material 
was  specified  as  fused  silica  so  that  the  optical  quality  would  be 
maintained  over  a large  temperature  range.  Since  the  cube  corner 
assemblies  were  to  be  mounted  externally  to  the  aircraft,  they 
would  experience  the  extremes  of  temperature  variation  from  as 
high  as  -H20^F  on  the  ground  to  as  low  as  '-80°F  at  the  higher 
altitudes. 
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Figure  5-2.  Cube  corner  Assembly 
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Figure  5-3.  Corner  Cube  Assembly  Optical  Communications 
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We  now  define  a new  factor 


NAT 

cr  cr  cr  . 

4^cr 

Using  the  definitions  and  values  defined  in  the  8-6-70  report, 

F = 1.  1075  X 10^  ft^  ster’^ 

e. 

The  quantity,  is  the  solid  angle  of  the  beam  returned 

by  the  retro-flector  toward  the  GBAA.  This  is  affected  by  two 
phenomena,  the  diffraction  of  the  beam  by  the  aperture  of  each 
corner  reflector,  and  the  divergence  caused  by  the  pyramidal  error 
(non-orthagonality  of  the  reflecting  faces)  of  each  retro-flector. 
These  will  be  discussed  separately,  and  then  in  combination. 

Diffraction;  Assuming  perfect  corner  cubes,  the  retro- 

. . ^ .... 

fleeted  beam's  divergence  is  a function -of  the  shape  and  size  of  the 

effective  area  of  the  individual  cornercube  retroflectors.  'The 

effective  area,  in  turn,  is  a complicated  function  of  the  angle  of 
incidence  of  the  incoming  beam  from  the  GBAA  transmitter.  (The 


incident  angle  is  measured  from  the  perpendicular  to  the  retroflector  s 
entrance-exit  surface.)  A simplifying  and  "safe"  assumption  is  that 
the  effective  area  is  the  equivalent-area  circle,  with  diameter,  D. 

The  beam  angxilar  divergence  (diameter)  is,  then. 


2.44X 


radian. 


For  X-  0,  5145  micron,  and  = 4 arcseconds,  - 2.  55  inches 

This  divergence  corresponds  to  = 2.95x10-1°  steradlan.  used 

in  the  previous  calculations,  referenced  above. 

Pyramidal  Error;  In  the  absence  (assumed,  but  impossible) 
of  diffraction  e.ffects,  a beam  from  an  infinitsly-distant  point  source, 
filling  the  entrance-exit  aperture  of  the  cubecorner  retroflector,  will 
emerge  from  the  retroflector  in  six  distinct  beams,  of  various  shapes 
depending  upon  the  angle  of  incidence.  If  pyramidal  error  exists, 
these  emerging  beams  will  not  be  exactly  parallel  to  the  entering 
beam  nor  to  each  other.  For  convenience,  we  define  pyramidal 
error  to  be  the  angle  between  the  incident  beam  and  the  worst-case 
emerging  beam.  As  a consequence  of  a large  enough  pyramidal 
error,  it  is  possible  for  all  six  sections  of  the  returning  beam  to 
miss  the  GBAA  receiver.  The  allowable  pyramidal  error  must  be 
specified  for  the  cornercubes. 
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Pyramidal  Error  and  Diffraction  in  Combination;  In  general, 
each  of  the  six  emerging  (reflected)  beams  resulting  from  pyramidal 
error  will  have  its  own  respective  diffraction  pattern,  its  exact  form 
determined  by  the  shape  and  size  of  its  a,ssociated  effective  aperture,: 
as  indicated  above.  These  diffraction  patterns,  of  course,  increase 
the  angular  ’’diameter"  of  their  respective  beams,  and,  if  the  diffrac- 
tion angular  semi-diameter  is  greater  than  the  pyramidal  error,  the  ^ 

> 

six  retroflected  beams  will  merge  into  a single  pattern,  essentially 
centered  on  the  incident  beam.  The  resulting  pattern  will  be  of 
more  or  less  uniform  intensity,  depending  upon  the  amount  of  pyra- 
midal error  and  the  incident  angle  at  a particular  time.  The  pattern 
in  no  case  will  be  absolutely  uniform. 

» 

Partial  Specification  of  Cornercube  Retroflector ; If  the 
diffraction  angular  diameters  of  the  six  retroflected  GBAA  beams 

t 

are  each  to  be  4 arc  seconds,  then  a pyramidal  error  of  Z arc  seconds 
could  theoretically  result  in  zero  intensity  at  the  center  of  the  com- 
posite retroflected  beam  pattern,  and  the  total  beamwidth  could  be 
8 arcseconds.  To  assure  better  overlap,  specify  retroflectors  with 
1 arcsecond  maximum  pyramidal  error;  in  this  case,  the  total 
beamwidth  could  be  as  large  as  6 arcseconds. 
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Retroitlector  Design; 


Shape;  Two  common  shapes  are  used  for  the  cubecorner 
rctroflectors.  One  is  like  a cube,  cut  throujjh  on  a dj.agonal  between 
the  opposite  corners  of  three  adjacent  cube  sides.  The  other  is  addi- 
tionally cut  to  remove  the  three  corners  of  the  triangular  diagonal 
face  produced  in  the  first  shape,  so  that  the  diagonal  face  is  then  a 
regular  hexagon.  (These  last  3 cuts  are  made  perpendicular  to  the 
diagonal  face.  ) This  hexagonal  shape  (or  circular  when  the  edges  are 
removed),  is  useful  when  the  angle  of  incidence  is  always  perpendi- 
cular to  the  entrance-exit  face.  . 

• • 

Effective  Area;  The  effective  area  of  the  cubecorner  is  a 
rather  complicated  function  of  the  angle  of  incidence  and  the  index  of 
refraction  of  the  cubecorner  material  (glass).  The  graph  of  Figure  5-4 
shows  the  relationships  for  a triangular  cornercube,  for  indices  of 
refraction  of  1.  000  (trihedral  mirror  - not  glass),  1.517  (Boro- 
silicate  glass-BSC2),  and  1.  798  (Schott  Glass  SFll  at  0.  5145  microns 
wavelength).  It  is  noted  that  the  effective  area  drops  off  to  80  percent 
at  incident  angle  of  about  23°,  for  BSC2  glass.  This  angle  rises  to 
ebout  26°  for  the  SFll  glass.  The  curves  are  unsymmetrical  about 
zero  incidence  angle,  in  the  plane  for  which  calculations  were  made. 
The  curve  for  fused  silica  (n  ~ 1.45)  lies  intermediate  to  the  curves 
r =r  1.0  and  n = 1.517.  There  are  three  planes,  at  120  degrees 
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Figure  5-4,  Cube  Corner  Reflector  Effec 
of  Refractive  Index,  f],  and  ] 


tive  Area  as  Function 
ncident  Angle 


ritervals,  where  the  same  results  are  obtained.  At  all  intermediate 

plane s»  the  results  are  between  those  shown  in  the  curves. 

/ 

Transmission  Losses;  At  0.  5145  microns  wavelength,  most 
optical  glasses  have  from  1 percent  to  3 percent  loss  per  inch  of 
optical  path  length.  Use  a nominal  2 percent  per  inch  in  this  calcu- 
lation, until  the  exact  glass  to  be  used  is  known. 

The  Fresnel  loss  at  the  entrance-exit  surface,  with  proper 
anti-reflection  coatings,  will  be  between  0.  5 percent  and  1 percent, 
per  pass  through  the  surface.  Use  1 percent  in  this  calculation.  A 
good  silvered  reflective  surface,  required  in  cornercube  retroflectors 
when  the  incidence  angle  is  large  enough  to  preclude  use  of  total 
reflection,  has  a loss  of  about  10  percent  per  reflection.  There  are 
three  such  reflections  in  the  cornercube.  Thus,  for  a triangular 
corner  prism,  4.  33  inches  on  its  longest  side,  whose  optical  path 
through  the  prism  is  6.  734  inches,  the  transmission  will  be 

T = (1-0.  02)^*^^^  X (1-0.  01)^  x(l- 0.1)^  = 0.624 
cr 

Siimmary;  As  shown  above,  the  design  criteria  are 

expressed  in  the  equation  . 

NAT  no, 

cr  cr  cr  , .ooc  m9  r,.2  , -1 

= 1.  1075  X 10  ft  ster 

4»  • 

^cr 

Any  combination  of  factors  which  meets  this  requirement  will  permit 
the  GBAA  to  operate  in  the  assumed  worst-case  radiometric  situation. 


It  can  be  shown  that,  where  S is  the  length  of  a long  side  of 
the  triangular  cornercube  in  inches,  the  maximum  effective  area  (at 

normal  incidence  angle)  is  /' 

i 

,2 


0.  28868  5-  f^2^ 


cr 


T44 


T ’ = (1  - 0.02)^*,^^^°^^  X (1-0.01)^  X (1  - 0.  1)^, 


cr 


and  that 


vli 


cr 


IT 

T 


+ 0.9696)  X • 


J ] 


Note  that  Acr  must  be  multiplied  by  the  factor' obtained  from  the 
attached  graphs,  to  obtain  the  effective  area  for  a given  case.  For 
the  GBAA,  this  must  be  correlated  with  the  flight  plan  of  the  aircraft, 
to  determine  the  geometry  involved.  Combining  the  above  factors, 


N X (Factor  from  Graphs)  - 60»  73  — - 
cr 


0.9696) 


X (0.98) 


1.63304S 


The  results  of  this  calculation  are  presented  in  the  graph,  shown  in 


Figure  5-5, 

Although  the  triangular  shape  cube  corner  aperture  provides 
the  greater  collection  area  with  larger  incidence  angles,  the  circular 
cross-section  was  selected  for  convenience  of  mounting.  The  loss 
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in  collection  efficiency  was  offset  by  the  increase  in  the  number  of 
reflectors  used  in  the  arrays.  The  corner  reflector  arrays  are 

separated  on  the  aircraft  to  minimize  the  effects  of  atmospheric 

/ 

scintillation.  An  analysis  of  the  required  separation  to  minimize  the 
scintillation  effect  is  presented  in  the  Appendix  of  this  report. 

The  individual  cube  corners  are  aluminized  and  SiO~  over- 

* . ■-  ■ • . . Ct  ■ 

< .4  . • 

coated  to  maximize  the  reflection  efficiency  over  large  angles.  The  ' 
technique  Of  assembly  of  the  optical  element  into  the  mechanical  mount 
shown  in  Figure  5-3,  is  to  secure  the  glass  into  the  aluminum  cylin- 
der with  a flexible  rolithane  potting  compound  mixed  to  retain  resil- 
iency at  the  low  temperatures  so  that  the  optical  element  is  not 
stressed.  The  potting  is  used  only  in  the  region  indicated  in  the 
assembly  drawing  to  avoid  abrasion  of  the  coated  surfaces  that  might 
be  produced  with  expansion  and  contraction  due  to  temperature 
changes.  A small  air  bleed  hold  is  placed  in  the  cover  to  perm.it  the 
enclosure  to  attain  the  ambient  pressure. 

The  individual  cube  corner  assemblies  are  mounted  in  five 
arrays  of  six  assemblies  each  for  attachment  to  the  aircraft  skin  by 
the  integration  contractor.  One  jt  the  six  element  arrays  is  shown 
moimted  on  the  underside  of  the  RB57  wing  in  Figure  5-6. 


After  several  flights,  some  coating  damage  was  observed  on 
several  of  the  cube  corners  as  shown  in  the  photographs  of  Figures  5 

and  5-7.  This  coating  flake  was  determined  to  have  resulted  from 

/ 

moisture  condensation  produced  by  rebarning  to  a very  humid  environ 
ment  from  the  extremely  cold  high  altitude  environment.  This 
moisture  collected  around  the  coating  surface  and  probably  froze  on 
subsequent  flights  causing  mechanical  abrasions  to  the  coatings. 

Once  a fracture  was  produced  in  the  hard  overcoat,  moisture  could 
attack  the  aluminum  coating  producing  the  observed  defect.  The 
effect  of  this  damage  is  to  reduce  the  reflection  efficiency  of  the 
affected  unit  by  an  amount  proportional  to  the  ratio  of  the  damaged 
area  to  the  full  area  of  the  entrance  aperture.  The  maximum  degra- 
dation for  an  affected  unit  was  of  the  order  of  15  percent  and  deemed 
to  be  an  acceptable  amount. 


Figure  5-8.  Cube  Corner  Assembly  Showing  Coating  Damage 


6.  GROUND  CHECKOUT  EQUIPMENT  (GCE) 

The  fiinction  of  the  GCE  is  to  test  the  Airborne  Optical 

/ 

Commvini cations  Package  (AOCP),  permit  accurate  optical  alignment, 

' and  simulate  the  groiond  based  portion  of  the  optical  commvinications 
linl.  The  GCE  also  is  capable  of  exercising  the  ancillary  equipment 
(gimbal  mirror,  computer)  furnished  by  the  integrating  contractor. 

GCE  capabilities  include:  * . 

* * 

. t ' * 

self-checking  of  alignment,  focusing,  and  optical 
modulator  operation 

tests  static  and  dynamic  alignment  of  AOCP,  with  '' 

visual  and  electronic  readout  of  alignment /tracking 
performance 

i 

checks  tracking  capabilities  o.' Image  Dissector  Tracker, 
Beamsteerers,  and  CCSD  Gimbal  Miryor 

Checks  operation  of  Helium  Neon  laser  and  modulator 
on  AOCP. 

Checks  command  decoder  and  command  execution. 

■ * 

Figure  6-1  presents  the  GCE  hardware  tree  showing  the 
various  subsystem  relationships. 
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The  GCE  consists  of  two  units,  the  Control  Penel  and  the 
Optical  Unit,  whrch  are  linked  by  cables  (not  shown).  The  optical 
»it  is  mounted  ..n  a low-profile  dolly,  ,so  that  it  can  be  positioned 
under  the  fuselage  of  the  RB-57  Aircraft  in  which  the  AOCP  rs 

installed.  Figure  6-2  is  a photograph  of  the  GCE  equipment  showing  . 

the  cover  open.  The  GCE  control  console  is  a rack  of  electronic 
equipment  mounted  on  a four-wheel  dolly  shown  in  Flgure'6-3  and 
consists  of  the  following  items; 

(1)  Tone  Generator  (GFE),  for  controlling  the  modulation 
Impressed  on  the  Laser  Modulator  in  the  GCE  Optical 

Unit. 


(2)  High  Frequency  oscilloscope  (Tektronix  R454,  GFE) 
for  observing  the  modulation  from  the  GCE  and  AOCP 
Users,  the  outputs  of  the  Y-Z  Position  Sensor,  and  for 

general  utility. 

(3)  Control  Panel,  which  controls  the  variable  speed 

nutating  mirror  motor,  DC  Power  on  the  GCE  optical 
Head,  provides  meter  readout  of  the  Y-Z  Position 
sensors,  controls  flip  mirror  and  shutter  solenoids, 
and  .iccepts  BER  clock  and  Video  signals  from  the 

i»rr  aft  mounted  equipment. 


i 
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6-3.  Ground  Checkout  EquinTnent  fCCE)  Control  and  Display  Console 
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(4)  Power  Supply  for  RCA  LD  2108  Argon  Laser,  which  is 

mounted  on  the  GCE  optical  Head,  (Later  replaced  by 

' /* 

Spectra  Physics  Model  162  laser.) 

Also  included  ir.  the  rack  are  two  drawers  for  storage  of  cables, 

A small  remote  control  box,  which  connects  by  cable  to 
the  Control  Panel,  is  provided  to  permit  actuation  of  the  motorized 
potentiometers  Vn  the  AOCP  for  adjustment  o',  electronic  boresight. 

The  GCE  Optical  Unit  is  an  assembly  of  optical  and  elec- 
tronic components  and  subsystems  on  an  aluminum  baseplate, 
moxinted  on  a low-slung  four-wheel- dolly.  The  following  items  are 
included: 

(1)  An  Argon  Laser,  with  an  oiitput  power  of  several  milli- 
watts at  4880  A to  simulate  the  up-link  beam  to  the 
optcom  Receiver  on  the  AOCP, 

(2)  A set  of  optical  attenuators  (density  zero,  three,  five, 
and  infinity),  mounted  on  a rotary  holder,  and  con- 
trolled  by  a loaob  on  the  bulkhead  adjacent  to  the  optical 
Viewer,  These  attenuators  control  the  laser  beam 
power, 

(3)  An  electro-optical  modulator  (Lasermetrics  EOM-704) 


and  a modulaior  driver. 


(4)  A 28  power  laser  beam  expander  (Spectra  Physic$)* 

(5)  An  8.  3 power  beam  expander  (4  inch  diameter  exit 
beam),  with  three  "folding”  mirrors,  for  projecting  the 
collimated  Argon  laser  beam,  and  for  receiving  the 
Helhxm-Neon  laser  beam  from  the  AOCP. 

(6)  Various  beamsplitters,  mirrors,  and  a cubecorner, 
for  directing  the  beams  to  desired  locations, 

(7)  A Viewer  (telescope),  for  visually  observing  the  Argon 
and  Helium-Neon  laser  beams  and  fheir  mutual  align- 
ment, as  well  as  for  testing  optical  collimation. 

(8)  A two -axis  position  sensor,  with  associated  optics 
and  nulling  mirror,  for  electronic  readout  of  boresight 
and  tracking  misalignment. 

(9)  A photomultiplier  detector  and  amplifier,  for  detecting 
the  modulation  on  each  of  the  laser  beams,,  and  pro- 
viding signals  for  display  on  the  oscilloscope  in  the 
GCE  Control  Panel. 

(10)  A 6 -inch  diameter  flat  mirror,  moiinted  in  an  adjustable 
holder  on  tlie  shaft  of  a variable- speed  motor,  for 
providing  a nutation  of  the  projected  argon  laser  beam 
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through  various  angles  (nominally  zero  to  six  degrees) 
and  at  various  rates, 

i . . ' 

(11)  A rectangular  mirror  mounted  In  an  adjustable  holder 

which  rides  on  a track,,  for  directing  the  projected  beam 
upward  into  the  Aircraft  window  at  a variety  of  angles. 

Figure  6-4  is  a functional  block  diagram  of  the  optical  unit 
and  Figure  6-5  shows  the  physical  layout  of  this  unit  for  easier 
identification  of  the  components. 

The  beacon  section  includes  an  Argon  laser  operating  at 
0,488  micrometer  followed  by  a neutral  density  filter  wheel  for 
controlling  the  beacon  power.  The  initial  design  used  an  RCA  laser 
model  which  proved  to  be  unreliable  and  unstable  in  output 
beam  direction.  The  laser  plasma  tube  was  short  lived  and  replaced 
three  times  under  warranty.  The  Argon  laser  was  then  replaced 
with  a newly  developed  Spectra  Physics  model  162  which  has 
demonstrated  excellent  stability  and  life  characteristics  and  greatly 
improved  the  performance  of  the  system.  The  laser  is  followed  by 
an  electro-optical  modulator  which  places  a 10.  7 MHz  rf  subcarrier 
on  the  optical  beam  simulating  the  communications  channel  of  the 
operational  ground  station.  The  10.  7 MHz  subcarrier  is  FM  modu- 
lated with  the  up-link  command  information  to  exercise  the  AOCP 
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Figure  6-4,  GCE  Electro-Optical  Unit  Functional  Block  Diagram 
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Figure  6-5.  Ground  Checkout  Equipment 
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receiver  system,  A beam  expander  telescope  (28X)  expands  the  laser 
beam  to  fill  the  entrance  pupil  (0.  48  inch  diameter)  of  the  output 

telescope,  Most  of  the  laser  energy. reflects  from  the  beam  splitter, 

/ 

shown  in  the  functional  block  diagram,  and  exits  the  system  through 


the  afocal  telescope  (8.  3X),  rotating  mirror  and  the  adjustable  folding 
mirror.  The  rotating  mirror  is  included  for  the  purpose  of  conically 
scanning  the  output  beam  direction  through  an  adjustable  cone  angle 
and  at  an  adjustable  angular  rate.  This  is  accomplished  by  a dual 
wedge  mirror  mounting  assembly  which  can  be  differentially  rotated 
to  provide  deflection  angle  magnituder  from  zero  to  approximately 
10  degrees.  The  larger  scan  angles,  which  are  beyond  the  field  of 
view  of  the  AOCP,  are  used  to  exercise  the  coarse  acquisition 
system  and  the  gimballed  mirror.  The  folding  mirror  permits  the 
GCE  exit  beam  to  be  directed  up  into  the  aircraft  window  from  various 
directions  simulating  different  acquisition  approach  flight  paths. 

Figure  6-6  shows  the  orientation  of  the  GCE  beneath  the  RB57  air- 


craft for  checkout  in  two  different  ground  station  approaches.  In 
addition  to  the  beam  coarse  direction  control,  the  adjustable  folding 
mirror  provides  a fine  adjustment  of  the  beam  direction  for  quantita- 
tive calibration  of  the  AOCP  acquisition  field  and  error  signal  gains. 
This  mirror  cm  also  be  positioned  so  as  to  autocollimate  the  GCE 
afocal  telescope  in  its  self  alignment  and  calibration  mode.  (The 
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use  of  the  GCE  in  its  various  calibration,  alignment  and  test  modes 
has  been  described  in  the  O&M  manual  prcvided  previously  under 

this  contract,  ) ^ 

A portion  of  the  GCE  laser  energy  passes  through  the 
adjustable  beam  splitter  (coated  to  reflect  0,488  micrometer  radia- 
tion and  transmit  0,  6328  micrometer  radiation)  and  impinges  on  the 
corner  reflector  when  the  shutter  is  opened.  The  corner  reflector 
returns  the  energy  from  the  0.488  micrometer  laser  to  the  beam 
splitter  where  it  is  reflected  into  the  receiver  portion  of  the  optical 
unit  for  pointing  direction  reference  and  10.  7 MHz  modulation  index 
monitoring  purposes.  When  the  flip-mirror  is  in  position,  the  GCE 
laser  is  deflected  onto  the  photomultiplier  detector  and  the  10.  7 MHz 
subcarrier  is  detected  and  dc  coupled  through  a wideband  amplifier 
for  display  on  the  control  console  oscilloscope.  This  permits 
monitoring  and  control  of  the  modulation  depth  of  the  laser  subcarrier 

When  the  flip-mirror  (controlled  irom  the  console)  is 
rojnoved  from  the  optical  path,  the  beam,  from  the  retro  reflector 
continues  onto  the  beam  splitter  element  which  reflects  a portion  of 
the  energy  the  alignment  telescope  to  obtain  a visual  reference  of 
the  beam  position  and  quality.  The  main  part  of  the  beam  passes 
through  the  beam  splitter  and  is  imaged  onco  an  X-Y  position  detector 
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The  X-Y  sensor  provides  an  output  in  two  orthagonal  axes  indicating 
the  beam  position  on  the  detector.  An  adjustable  folding  mirror  i^r, 
used  to  precisely  center  the  0.  488  micrometer  image  on  the  X-Y 
sensor's  null  axis  to  establish  the  transmitted  beam  reference  direction 
for  later  comparison  with  the  received  beams  position  from  the  AOCP. 
This  then  determines. the  magnitude  and  direction  of  any  boresight 
error  within  the  AOCP  system.  AOCP  boresight  correction  is 
accomplished  by  commanding  an  offset  track  to  the  image  director 

tracker  from  the  GCE  while  nulling  the  received  AOCP  beam  on  the 
GCE  X-Y  sensor. 

In  operation,  the  collimated  4 inch  diameter  0.488  micro- 
meter beam  ie  directed  into  the  AOGP  and  acquired  and  tracked. 

The  AOCP  then  points  its  0.  6328  micrometer  beam  back  toward  the 
GCE  unit.  The  AOCP  transmitted  beam  enters  the  GCE  afocal  tele- 
scope after  reflection  from  the  folding  and  rotating  mirrors  and 
passes  through  the  beamsplitter  into  the  GCE  receiver  section.  When 
the  flip-mirror  is  in  position,  the  incoming  beam  is  folded  onto  the 
photomultiplier  detector  for  AOCP  modulation  inde«  measurement. 
Removal  of  the  flip-mirror  permits  the  AOCP  laser  beam  to  be  imaged 
onto  the  X-Y  position  sensor.  Since  the  X-Y  position  sensor  has 
previously  been  nuUed  with  the  GCE  laser,  the  position  read  from 
the  X-Y  sensor  from  the  AOCP  beam  is  a measure  of  boresight 


error  between  the  AOCP  receiver  and  AOCP  transmitter.  When  the 
rotating  mirror  is  operated,  causing  the  GCP  beam  to  be  deflected 
dynamically,  the  AOCP  tracker  will  detect  the  input  angle  change 

and  correct  for  this  deflection  by  closed  loop  pointing  of  the  beam 

» 

steer er  mirrors.  Consequently,  the  AOCP  transmitted  beam  direc- 
tion exactly  compensates  for  the  GCE  rotating  mirrors  deflection  and 
the  image  on  the  X-Y  sensor  remain  still.  As  the  rotational  rate  of 
the  GCE  mirror  is  increased,  the  AOCP  control  system  lag  can  be 
observed  at  the  X-Y  sensor  output.  The  nulling  sensitivity  existing 
in  the  X-Y  position  sensor  is  better  than  one  mifcroradian. 

Figure  6-7  is  the  electrical  block  diagram  for  the  GGE,  The 
dashed  line  represents  the  interface  between  the  optical  xinit  and  the 
control  console.  The  interface  cabling  and  optical  unit  operation  and 
mode  selection  occurs  at  the  GCE  control  panel  shown  in  Figure  6-8. 

* t * # 
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Figure  6-7.  Electrical  Block  Diagram  of  Ground  Checkout  Equipment 


7.  GROUND  BASED  ACQUISITION  AID  (GBAA) 

The  GBAA  portion  of  the  High  Altitude  Optical  Communication 
System  is  a I-aser  Radar  and  Ranging  System  for  acquisition  and  tracking 
of  high  altitude  aircraft.  (See  Figure  7-1.) 

Design,  development  and  prelirriinary  testing  of  the  complete  ^ 
system  v/as  accomplished  in  a time  span  of  approximately  two  years. 

The  majority  of  the  system  design  was  straightforward,  utilizing  ITT's 
vast  knowledge,  in  the  field  of  star  and  vehicle  trackers.  Portions  of  the 
system,  due  to  uniqueness  of  application,  employed  the  use  of  either 
state-of-the-art  equipment,  or  required  unique  modification  of  standard 
equipment.  Final  system  performance  dramatically  demonstrated  the 
worthiness  of  this  extendi  *d  design  effort.  Figure  7-2  shows  the  GBAA 
hardware  tree  to  be  discussed  in  this  section. 

7.  1 Overall  System  Description  ■ • 

The  GBAA  has  the  capability  of  acquiring  a cooperate  target 
consisting  of  a high  flying  aircraft  carrying  a cube  corner  retroreflector 
array.  The  target  will  be  acquired  at  a slant  range  of  from  30,  000  feet 
to  100,  000  feat  while  traveling  at  an  angular  velocity  ^ 0.  5°/second. 

Target  acquisition  will  be  accomplished  by  the  interception  of  the 
aircraft's  retroreflectors  by  the  GBAA  search  scan.  (See  Figure  7-3.) 

The  search  or  fence  scan  is  one  in  which  a 10°  x 0.  09°  solid  angle  is 
scanned  in  the  far  field,  simultaneously,  by  both  transmitter  and  receiver. 
The  10°  fence  is  scanned  in  128  overlapping  steps.  As  the  aircraft  passes 
through  the  search  scan,  a transmitter  beam  reflection  from  the  cube 
corner's  retroreflectors  will  be  sensed  by  the  GBAA  receiver  sensor.  The 
laser  radar  will  then  automatically  switch  to  TRACK  mode.  A cruciform 
track  scan  will  be  generated,  continuously  centered  about  the  target  : 
aircraft  by  the  receiver  tracker.  Declination  and  hour  angle  error  outputs 

■ • ■ . ■ .7-1  ' ' . 
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Figure  7-3.  GROUND  BASED  ACQUISITION  AID 


will  be  available  at  the  target  tracker  control  unit  to  determin^he  target 
position  relative  to  the  GBAA  boresight  axis,  accurate  to  ±20sec.  Target 
RANGE  will  also  be  output  in  both  digital  and  analog  form  with  an  accuracy 

ec^ual  to  or  better  than  ±100  meters.  • 

A star  tracking  mode  has  also  been  pro^dded  to  affect  an 

infinitely  distant  point  source  for  mutual  alignment  of  the  GBAA  laser 

radar  and  the  optical  communications  telescope. 

The  GBAA  operating  parameters  are  listed  in  Table  7-1. 


TABLE  7-1.  GROUND  BASED  ACQUISITION  AID 
SYSTEM  PARAMETERS 

EQUIPMENT  DESIGN  SPEC. 

1.0  Receiver  Optics  Assembly 

I 4 • 

1.1  Leas:  De  Old  Delft,  65mm  f.l.,  f/0.75,  21®E.0.V. 

■ ■ / 

1.2  Band  Pass  Optical  Filter:  ’ • fr 

Maximum  on-axis  transmittancy  wavelength  .5145  microns  -;.v 

Operating  field  of  view  ^5®  incidence 

Minimum  transmittancy  60%  at  0,5145  microns,  on-axis 
Maximum  bandwidth  (3db)  0.002  microns,  on-axis 
Blocking  of  0.001  for  S-20  photocathode 
Diameter  3.0"  - • 

2.0  Receiver  Sensor  » . ' 

2!.l  Tube:  ITTL  F-4012,  S-20  Photocathode,  4 mil  square  aperture,  ^ 

nom.  gain  = 1 x 10^. 

2.2  Deflection:  Magnetic  ' 

2.3  Focus:  Magnetic 

2.4  Dynode-High  Voltage  Power  Supply:  DC  to  DC  Converter. 

3.0  Transmitter  Beam  Deflector  & Power  Driver 

3.1  Deflector  type  - G.T.  & E PBM-5G,  Deflection  angle  = +40  min 
((^tical  magnification  to  1^5°  square  field  deflection) 

3.2  Power  Driver:  -2.5V  input  for  full  drive  output. 

» ‘ * 

4,0  Laser  Transmitter 

•4,1  Type:  Pulsed  Argon  Ion,  nominal  operating  freq.  = iKHz,  wavelength. 

at  maximum  output  = .5145  micron,  single  color,  multimode. 


5.0  Electronic  Target  Tracker  and  Ranging  System 


5,1.  Angle  tracker:  O 

F.O.V.  = 10°  elevation  x 10°  azimuth,  I.F.O.V.  = .09 
Acquisition  Scan  = Single  line,  128  step,  +5°. 

Track  Scan  = +16  step  cruciform  = ione  I.F.O.V.' 

Scan  step  rate  = iKHz. 

Line  Scan  time  = 150  millisec.  ' 

Tracking  rate  = .5°/sec. 


5.2  Laser  Trigger: 

P.R.F.  = llCHz 

Ampl.=  2.5V 

P.W.=  2 usee.  Pulsewidth 

Rise  time  = 150  n sec. 


ISftKCPDvIBEinT  OP  TTTP 


0" 
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TABL13  7-1.  GROUND  BASED  ACQUISITION  AID 
SYSTEM  PARAMETERS  (cont'd) 


5.3  Beam  deflector  drive 

+2.5V  for  full  deflection  output 

5. 4 Angle  error  output:  . ' 

Iv/dg  into  100  ohm  load;  source  impedance  10  ohms  max. 

5.5  Ranging  system:  ' 

Range  outputs  - Analog,  Digital,  Visual  Display  - >33  KM  ,, 

6.0  Power  Supply  Panel  ' 

6.1  Input  125VAC  - 60 Hz 

Output  - DC  Volts  = '+5,  llS,  +28,  X500 

7.0  Control  & Display  Panel  . 

7.1  Readouts 

iSlev.  & Azim.  Angle  Error  - Metered 
Target  Presence  - Indicator  Lamp 

7.2  Control: 

Master  Power  on-off  sw. 

Tracker  Control  sw. 

Laser  transmitter  power,  sw.  • 

Calibration  & Test  switching. 


Input/Output  Information 

1.0  Input;  125VAC,  50-60 H^,15A 


2.0  Error  Output: 

2.1  Angle  Error  output  (elevation  & Azimuth) 

12.5V  max  into  100  load. 

2.2  Crossover  Gradient  = 0.5  "t  .05  Volt/deg 

Gradient  to  be  contained  within  Itwo  assymptotic  boundaries 
with  10%  slope  differences.  The  boundaries  shall  intercept 
the  origin  of  the  gradient  plot.  The  gradient  curve  shall 
be  smooth  & monotonic.  - 

3.  0 Search -Track,  Re  Acq,  Status  Indicator 

3. 1 Analogue  or  Visual  (As  Required) 

4.0  p;ange  Output: 

kilometers/volt 

Idlometei^s/volt 


7,1.1  Modes  of  Operation.  - To  acquire  and  track  a target,  four  basic  modes  of 
operation  are  required.  These  are:  SEARCH,  ACQUISITION,  TRACK  and 
MINISCAN.  The  SEARCH  mode,  as  the  term  suggests,  is  used  to  scan  the  far  " 
field  in  the  direction  of  the  approaching  target.  The  laser  transmitter  beam  is 
deflect  in  small  overlapping  step  increments  to  form  a spatial  "line  of  illumination" 
with  which  to  intercept  the  approaching  aircraft.  In  a similar  fashion,  the  receiver 

V 

sensors  instantaneous  field-of-view  (IFOV)  is  scanned  across  the  sensor  , 

photocathode  in  overlapping  steps  such  as  to  be  surrounded  by  the  line  being 
scanned  by  the  transmitter  in  the  far  field.  Once  the  transmitter  beam  has 
been  intercepted  by  the  aircraft,  illumination  of  the  retroreflectqr  is  seen 
by  the  receiver  sensor  in  the  form  of  a return  pulse.  The  first  return  pulse 
stops  search  scanning  and  advances  the  mode  to  ACQUISITION.  The  next 
pulse  is  transmitted  in  the  same  angular  direction.  The  second  pulse  is  '* 
used  to  verify  that  the  return  signal  was  indeed  energy  returned  by  the  target 
as  opposed  to  "Noise, " If  a second  pulse  is  received  the  mode  is  advanced 
to  the  TRACK  mode.  If  not,  the  mode  is  returned  to  search  and  the  search 
scan  Is  continued  until  two  successive  return  pulses  are  detected  by  the 
receiver.  Once  the  target  has  been  acquired  it  is  necessary  to  determine 
its  exact  position,  velocity,  and  direction  of  travel.  To  accomplish  this,  a 
cruciform  tracking  scan  is  generated.  Target  positions  which  deviate  from 
the  center  of  the  tracking  scan  cause  correction  voltages  to  be  generated 
which  result  in  a repositioning  of  the  track  scan  about  the  target.  The 
absolute  position  of  the  track  scan  deflection  is  read  out  as  an  error  voltage 


representing  the  + deviation  from  center  of  the  receiver  field.  The  center 
being  referred  to  as  Boresight.  The  error  sig!ial  is  used  by  the  telescope 

t 

gimbal  systeni  to  precisely  align  the  telescope  to  the  target.  The  tracking 
scan  is  continued  so  long  as  return  pulses  are  being  received  by  the  receiver 
sensor.  If  return  pulses  should  terminate  due  to  scintillation  for  example, 
the  miniscan  mode  of  operation  is  initiated.  In  MINISCAN  a small  raster 
type  field  is  scanned  in  order  to  relocate  the  target.  It  consists  of  a search 

> 

pattern  covering  a field  of  approximately  . 65°  square.  The  first  return 
pulse  received  while  in  miniscan  resets  the  mode  control  to  the  track  mode 
and  target  tracking  continues.  If  no  return  is  received  within  twelve 
minifield  scans,  the  mode  control  is  recycled  to  the  search  mode  where  the 
field  is  once  again  searched  in  the  original  10°  line  scan,  or  a 10°  x 10° 
raster  type  scan,  as  selected  by  the  operator. 

search  Mode.  - In  SEARCH  mode,  the  transmitter  and  receiver  searched  the  far 

o 

field  using  a line  scan  consisting  of  128  overlapping  steps  covering  a 10  angle. 
The  fence  scan  can  be  positioned  anywhere  in  a 10°  x 10°  total  field -of -view 

(FOV). 

The  control  unit  provides  selectable  search  scan  options  that  will: 

1.  Search  the  total  10°  x 10°  FOV  - Raster  Scan. 

, 2.  Search  a single  10°  line  - Fence  Scan. 

3.  Search  a specific  10°  line  - Offset. 

4.  Search  a 10°  fence  at  elevation  boresight  - Position  Scan. 
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All  scans  - ACQUISITION,  TRACK,  and  MINI  SCAN  are  digitally  gneerated 
using  TTL  logic  components.  The  acquisition  scan  generator  is  a 7 bit  binary  up-on 
counter  which  counts  from  0 to  a maximum  count  of  128  and  back  to  zero.  This 
produces  a 128  step  sawtooth  waveform  FENCE  scan  with  a cycle  rate  of  approxi- 
mately 8 Hz.  The  fence  scan  searches  the  field  from  left  to  right  at  a stepping  rate 
of  1 kHz.  At  the  end  of  each  search  line  the  scan  is  rapid  retraced  at  a rate  of 
8 KHz.  The  fence  scan  is  positioned  at  a zero  elevation  angle  by  momentary 
depression  of  the  POSITION  SCAN  button  on  the  control  unit.  It  may  also  be 


positioned  to  an  elevation  angle  of  -3. 75  by  slection  of  OFFSET.  These  two  con- 
ditions are  attained  as  the  elevation  acquisition  counter  is  set  to  either  logic  #64 
or  logic  #16,  respectively.  When  in  the  FENCE  mode,  the  elevation  acquisition 
. counter  is  held  static  subsequ^S^o  position  selection. 

Raster  Scan.  - When  RASTER  is  selected,  the  azimuth  counter  continues  generating 
the  128  step  fence  scan.  At  the  end  of  each  azimuth  line  the  elevation 


acquisition  counter  is  advanced  one  count  resulting  in  an  elevation  deflection 
of  . 08°,  This  generates  a RASTER  type  scan  which  searches  the  total 
10°  X 10°  FOV.  At  the  end  of  each  field  scan  the  elevation  counter  is  rapidly 
down  counted  to  count  #0.  This  produces  an  elevation  sawtooth  scan  wave- 
form of  128  steps  which  repeats  at  a rate  of  16  sec/  (See  Figure  7-4. ) 


Figunj  7-4.  GBAA  (Sheet  1 of  2) 

TARGET  TRACKER  SCAN  WAVEFORMS 


Search  Scu^  ^ Mini-Search  Scan 

128  Step/10°  Fence-W/lO  x 10°  Field  Option  8x8  Steps/Field  - . 08°/Step 


Tracking  Scan  ^ Fence  - Minitield  & i racK  scans 

+ 16  Step  = + . 08  (Superimposed) 


NOTE 

Signals  applied  to  oscilloscope  inputs 

Vertical:  Voltage  at  Elevation  coil  current  sampling  resistor 
Horizontal:  Voltage  at  Azimuth  coil  current  sampling  resistor 
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Figure  7-4  GBAA  (Sheet  2 of  2) 

TARGET  TRACKER  SCAN  WAVEFORMS 


Signals  applied  to  oscilloscojn-*  inputs 

Vertical:  Volta:;e  at  coil  current  sampling  resistor 

Horizontal:  Lnlernal  Sweep 


Search  Fence 

128  Step  - 10°  Azimuth  Scan 


Track  Scan 

+ 16  Step  - . 005°/Step 


Mini-Search 

8 Step  Elev.  & Azim.  -.08  /Step 


NOTE 


If,  at  any  time  during  the  RASTIiiR  scan,  the  FENCE  mode  is 
selected,  the  elevation  drive  will  cease  and  the  scan  will  continue  in  azimuth 
at  that  point  in  the  FOV.  In  this  manner,  the  FENCE  scan  can  be  positioned 
anyivhere  in  the  10  x 10  FOV  by  selection  at  tlie  control  unit. 

Acquisition  Mode.  - When  the  first  target  return  pulse  is  detected,  the  operating 
mode  switches  from  SEARCH  to  ACQUISITION.  In  acquisition  mode  the  clock 
pulse  drive  to  all  deflection  scan  generators  is  inhibited  and  a second  pulse  is  , 
transmitted.  If  the  initial  pulse  was  a false  alarm  (noise  pulse)  the  mode  auto- 

t 

matically  returns  to  search  and  the  fence  scan  continues.  When  two  successive 
return  pulses  are  detected  the  mode  switches  from  ACQUISITION  to  TRACK. 
Track  Mode.  - In  the  TRACK  mode,  elevation  and  azimuth  sawtooth  scans  are 
generated  as  pictured  in  Figure  7-4.  The  instantaneous  field-of-view  is 
deflected  about  the  target  by  a track  scan  consisting  of  d.6  steps.  Each  step 
equals  0.005°.  The  track  scan  alternately  deflects  in  elevation  and  azimuth 
to*produce  the  ±.  08°  cruciform  pattern.  The  track  waveform  initially  positions 
the  transmitter  and  receiver  on  the  target  and  scans  off  the  target.  In  this 
manner,  the  on  target  time  (above  and  below  and  to  the  right  and  left)  is 
weighed  to  determine  the  actual  target  position. 

As  previously  mentioned,  there  are  ±13  track  steps  of  0.005°  each 
which  results  in  a total  deflection  equivalent  to  acquisition  step.  This 
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deflection  is  obtained  by  preceding  each  acquisition  counter  with  a 4 bit 
track  counter.  Sixteen  track  step  increments  are  therefore  necessary  to 
advance  the  acquisition  counters  one  step,  The  step  rate  remains  at  1 kHz  ► 

producing  a complete  cruciform  scan  at  15‘^/sec.  Subsequent  to  track 
scanning  off  the  target  the  track  scan  is  rapid  retraced  in  250  microseconds 
as  it  is  driven  with  a 64  kHz  retrace  clock  pulse.  Track  scanning  continues 
providing  the  target  remains  in  the  FOV  and  appropriate  signal-to-noise  level 
is  maintained.  If  the  signal  is  interrupted  for  a period  of  two  complete  cruciform 
track  scans,  the  mode  switches  from  TRACK  to  MINISCAN. 

Mini'  Search  Scan.  - The  MINI  SEARCH  SCAN  generator  produces  the  pattern  shown 
In  Figure  7-4.  It  covers  a far  field  area  of  0.  64°  x 0.  64°.  Typical  elevation 
and  azimuth  miniscan  waveforms  are  also  shown  in  Figure  7-4.  The  azimuth 
8 step  scan  and  retrace  sawtooth  waveform  has  a cycle  rate  of  120  Hz. 

The  elevation  scan  cycles  at  15  Hz.  The  8x8  acq.  step  miniscan  is  generated 

♦ , 

as  the  4 bit  track  counters  are  driven  with  16  clock  pulses  per  each  acquisition 
step.  Each  acquisition  step,  for  both  transmitter  beam  deflector  and  receiver, 
is  generated  in  sixteen  . 005°  increments.  The  finer  stepping  granularitjf 
reduces  the  beam  deflector's  tendency  toward  overshoot  and  ringing  which 
might  be  encountered  when  using  larger  step  increments. 


The  elevation  and  azimuth  step  sequencing  is  controlled  by  a flip 
flop  with  control  counter  synchronization  as  shown  in  the  schematic  diagram  #4. 
The  first  target  return  pulse  received  when  in  the  miniscan  mode  switches 
the  mode  to  track.  If  no  target  is  sensed  within  12  minifields  the  mode  returns 
to  SEARCH.  When  reverting  to  the  SEARCH  mode  the  scan  is  either  FENCE 
or  RASTER  as  determined  by  selection  at  the  control  unit. 

Star  Track  Mode . - With  slight  modification  the  GBAA  may  be  used  for  tracking 
stars.  The  change-over  requires  only  two  simple  steps.  First,  the  optical 
filter  attached  to  the  receiver  sensor,  must  be  removed.  This  is  accomplished 
by  loosening  the  three  set  screws  in  the  periphery  of  the  filter  adapter.  It  is 
advisable  to  mark  the  filter  adaptor  alignment  relative  to  the  sensor  housing  for 
future  register  when  re-installing  the  filter.  The  filter  is  then  removed  by  a 
straight  and  constant  pulling  motion  away  from  the  sensor  housing.  A slight 
vacuum  is  created  due  to  the  close  fit  of  the  adaptor  to  the  housing.  This 
reluctance  is  to  be  expected  during  filter  removal . Care  must  be  taken  when 
re-installing  the  filter  to  attain  the  same  orientation  as  that  prior  to  removal. 
After  removing  the  filter,  caution  should  be  used  to  protect  the  highly  sensitive 
photo  sensor  from  direct  or  excessive  illumination.  Step  tt2  is  merely  to  actuate 
the  Target  Track  - Star  Track  selector  switch  which  is  located  inside  the 
electronics  chassis.  This  is  a small  single  pole  double-throw  switch  mounted 
on  an  adaptor  socket  (#4G)  inside  the  tracker  electronics  chassis  and  may  be 
located  by  removal  of  the  chassis  top  cover.  This  switch  may  be  relocated  at  a 
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more  convenient  position,  such  as  the  front  panel,  at  the  discrimination  of  the 
operator.  Alter  switching  to  Star  Track,  the  M.G.  0.  (Manual  Gain  Control)  may 
be  zeroed,  due  to  the  absence  of  background  illumination.  All  tracker  systems 

will  now  operate  in  the  conventional  manner . (V' 

7-  g Transmitter  Subsystem 

Figure  7-5  shows  an  overall  block  diagram  of  the  GBAA  system  with  the 
transmitter  subsystem  indicated  by  the  heavy  block  outlines.  The  transmitter 
subsystem  comprises  the  following  elements: 

• Laser  System 

• Beamsteerers 


• Optics 
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Figure  7-5.  GBAA  Transmitter  Block  Diagram 


7.  2. 2 Laser  Performance  Test.  - To  best  unders::and  the  laser  performance 
characteristics,  a history  of  events  which  covers  in-house  testing  and  final 
systems  operation,  will  be  described. 

In-house  testing  of  the  laser  radar  system  required  horizontal 
orientation  of  the  transmitter  test  bed.  A ground-based  target  was  used  for 
testing  its  pointing  and  tracking  accuracy.  The  target  consisted  of  a cube 
corner  array  positioned  at  a nominal  range  of  2 mUes.  The  transmitter  test 
bed  was  mounted  atop  a Leitz  rotary  table.  The  rotary  table  was  used  to  vary 
the  elevation  and  azimuth  altitude  of  the  test  bed  for  testing  the  acquisition 
and  tracking  of  the  laser  radar  throughout  its  10®  x 10®  FOV.  The  pointing 
and  tracking  accuracy  of  the  GBAA  equipment  was  therefore  restricted  to  a 
nominal  horizontal  orientation  until  installation  at  the  MSFC/Madkin  Mountain 
facility.  Subsequent  to  mounting  the  GBAA  to  the  gimbaUed  telescope  mount, 
rigorous  tests  were  made  to  determine  the  transmitter's  absolute  pointing 
accuracy  while  operating  over  360®  of  angular  freedom. 

A target  was  affixed  to  the  end  of  the  GBAa”  test  bed  for  determining 
the  transmitter's  pointing  stability  while  the  entire  test  bed  was  subjected 
to  nominal  360®  of  angular  rotation.  Dynamic  testr.ng  revealed  two  serious 
problems.  Both  beam  motion  and  intensity  variations  occurred  while  equip- 
ment attitude  angle  was  varied.  Laser  transmitter  power  was  observed  to 
change  from  maximum  rated  power  output  to  near  extinction  for  certain 
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angular  attitude  orientations  of  the  radar  test  bed.  Test  results  including 
both  beam  motion  and  power  changes  were  submitted  to  Britt  Electronics, 

manufacturer  of  the  Argon  Laser.  A subsequent  Beam  Motion  Study  was 

/ 

performed  by  Dr.  Michael  R.  Smith  of  Britt  Electronics  Products  Corp.  ^ 

The  beam  motion  and  power  change  study  revea?ed  the  necebsity  of  a laser 
mirror  cavity  structure  redesign.  (See  Appendix  C,  Beam  Motion  Study  - Final 
Report  PO  #29407,  November  1971,  and  Appendix  D,  Investigation  of  Electro- 
optical  Techniques  for  Controlling  the  Direction  of  a Laser  Beam. ) Following 
the  redesign,  two  new  laser  tubes  were  fabricated,  one  of  which  was  installed 
In  the  test  bed  laser.  Laser  operation  subsequently  proved  excellent  although 
further  testing  revealed  beam  motion  contribution  from  sources  other  than  the 
laser  transmitter  and  are  described  in  the  Optics  section. 
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7.2.1  T.»scr  nesci-iption.  - A pulsed  Argon  loi  laser  is  used  as  the  primary 
Ught  source  In  the  laser  radar  transmitter  system..  The  Britt  Model  2000  pulsed 
laser  was  selected  on  the  basis  of  sise.  weight,  and  peak  power  output  consistent 
with  single  unit  packaging.  The  laser  is  internally  cooled  and  therefore  requires 
no  auxiliary  plumbing.  The  Britt  laser  is  pictured  in  Figure  7-6. 


Laser  operating  specifications  are  (also  see 

Figure  7-7): 

. % } i 

1. 

Peak  power  output: 

1.7  w (nominal)  \ ^ 

2. 

Wavelength  at  maximum 
power  output: 

,5145  micron's 

TEM  , single  color: 
oo 

0 

(5145  A) 

4. 

Pulse  repetition  rate: 

1 kHz  r adjustable 

5. 

Pulse  width: 

> 

15tis 

6. 

Trigger  mode: 

Selectable,  Internal/External 

♦ 

7. 

Operating  position: 

Any 

. v;  V * * 

The  laser  used  is  a model  2000  AN 

f.  Slight  modifications  were  initially 

made  to  facilitate  the  specific  requirements  of  the  GBAA  system. 

The  output  pulse  width  and  trigger  rate,  was  changed  from 
50  microseconds  @ 270  pps  to  15  microseconds  @ 1000  pps.  A modification 
of  the  laser  plasma  tube  was  made  to  facilitate  the  vertical  orientation 
operating  requirement,  A conical  shaped  particle  deflector  was  installed  in 
the  plaSKia  tube  to  prevent  contamination  of  the  mirror  reflectors. 
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MODEL  2000 

BURST  ARGON  LASER 


THE  MODEL  2000  ARGON  LASER  is  a particu- 
lar embodiment  of  the  Burst  Laser  concept  which  is 
designed  specifically  for  applications  involving  holo- 
graphy and  other  relatively  high  average  power 
exposures.  The  Burst  La>er  concept  is  described  in 
Bulletin  No.  1.  Other  features  which  are  common  to 
all  Britt  ion  lasers  are  described  in  Bulletin  No.  2. 

General  Description 

The  Model  2000  is  a high^juty  (large  percentage 
"on"  time)  repetitively  pulsed  ion  laser  which 
features  unuiually  high  average  power  output  for  a 
laser  of  its  cost,  site,  and  weight.  Power  specifica- 
tions, selling  pnce  and  physical  characteristics  are 
shown  on  the  reverse  of  this  sheet.  Power  supply  and 
air  cooling  are  included  within  the  laser  head  and  it 
operates  frcm  115  Volt  AC  power.  Other  con- 
veniences include  interniii  iiimng  and  shuttering  of 
exposures  ard  interchangeable,  permanently  aligned 
mirror  cells 

Functional  Description 

The  Model  2(XX)  laser  offers  two  modes  of 
operation,  A continuous  output  beam  of  high  average 
prxver  consists  of  50  microsecond  pulses  whose 


repetition  rate  can  be  varied  from  20  to  270  pulses 
per  seconcj.  The  Burst  mode  of  operation  produces 
timed  bursts  of  pulses  but  at  repetition  rates  over 
1000  pps  for  .25  to  8 seconds,  or  over  15(X)  pps  for 
.12  to  4 seconds.  The  burst  is  initiated  by  a hand  hel  i 
pushbutton,,  which  also  disables  the  cooling  fan  to 
eliminate  vibration  during  the  burst.  The  burst 
duration  is  internally  timed  and  is  selected  in  half- 
stop increments  by  means  of  a rotary  selector 

switch  on  the  control  panel. 

Guarantee 

The  Model  2000  laser  carries  an  unlimited  gas  fill 
life  guarantee.  See  Bulletin  No.  2 for  detailed 
description.  All  other  aspects  of  the  laser  are  war- 
ranted for  the  first  year  against  failures  due  to  defects 
in  material  or  workmanship. 

Accessories 

For  holographic  work  the  Model  2000  is  oifered 
with  a Littrow  prism  wavelength  selector  and  an 
internal  etalon  device  for  providing  increased  co- 
herence. These  accessories  are  described  in  Bulletin 
No.  2 but  priced  on  the  reverse  of  this  sheet. 


SUMMARY  OF  TENTATIVE  SPECIFICATIONS 
BRITT  MODEL  2000  BURST  ARGON  LASER 


FUNCTION 

BURST  DURATION 

Minimum  Averag#  Povvar  Output 
TEMoO'E*«*on  (5145A)* 

Mith  Littrovy  and  Etalon 

TEMqo.  Smgla  Color  (514pA)' 
with  Littrov*  and  Aportur# 

Multimode,  Single  color  (SMsA)^ 
with  Littrow  only 

Multimode,  Multicolor 
Standard  Mirrors 

Description  of  Operation 
Burst  Ovration 
Burst  Duty  Cyda 
Pulse  Repetition  Rate 
Pulse  Width 

Pulse  Amplitude  Ripple 

Minimum  Peak  Power 

TEMqo.  Single  Color  (514SA) 
Multimode,  Multicolor 


Continuous  Burst  Short  Burst 

Continuous  .25  to  8 sec  .12  sec  to  4 sec 


Continuous 

100% 

20-270  PAP 

60/COV 


>-270 


lOOmW 


250mW 


uous 


n lo  pps 
50u  sec 
<10% 


120mW 


ISOmW 


’2  to  4, 


25% 

1650  pps 
50p  sec 
<20% 


Power  Input 
Voltage  Input 
Current  Input 

Optical  Characteristics,  TEMgo 
Coherence  length  with  etalon 
Beam  Diameter 

Beam  Divergence  (uncorrected  mirror  blank) 

Selling  Price 

Standard  Mirro's 
Wavelength  Selector 
Selector  and  Etalon 


6 amparas 


— 115  Volts  AC  60Hx  

14  amperes  20  amperes 


^1  meter  (tee  Bulletin  No.  2) 
approx.  2 mm  (at  1/e^  points) 
.75  mrad  approx. 


$4,250 
K600* 
$4,9 50* 


•These  prices  apply  when  the  wavelength  selector  and  etalon  ara  substituted  tor  standard  mirrors.  Extra  standard  mirror  calls  are 
priced  at  S300  each  Prices  subject  to  change  without  notice. 

IPower  in  other  lines  can  be  estimated  by  multiplying  the  514SA  power  by  the  following  factors: 

• 501  7A  4965A  4«8oA  ^ 4765A  4579A 

TEMqo  -18  .30  .68  .31  .1^ 

Multimode  .18  -31  .72  .33  .20 


Weight:  62  pounds 


f— 32  Thread 


i i _ 


Figure  7-7. 


' i > 
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The  laser  was  initially  equipped  with  an  internal,  closed  loop,  gas- 
replenishing  system  which  required  liquid  nitrogen  cooling  during  the  refill 
operation.  Ati  improved  system  as  later  installed  which  virtually  eliminated 
the  nitrogen  cooling  requirement.  The  new  system,  called  BURP  refil 
cycling,  requires  equipment  down  time  in  the  order  of  minutes  as  opposed 
to  the  original  hour. . 

The  laser  is  equipped  with  a Littrow  Prism  wavelength  selector. 

All  principal  visible  Argon  lines  are  selectable  by  knob  control  attached  to 
the  Littrow  Prism.  One  revolution  of  the  knob  encompasses  selection  of  all 
of  the  visible  lines. 

Total  laser  control  is  provided  by  the  CONTROL  UNIT.  One 
power  and  two  signal  cables  interconnect  the  laser  to  the  control  unit.  One 
signal  cable  carries  the  1 kHz  laser  triggering  signal  while  the  remaining 
signal  cable  contains  the  SENSED  laser  transmit  pulse  used  by  the  ranging 
system.  The  115  VAC  laser  primary  power  is  supplied  by  the  control  unit 
through  the  remaining  cable. 
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7.2.3  Beamsteerers.  - The  G.  T.  E.  model  PBM-5G  dual  axis^  piezoelectric 


beamsteerers  are  packaged  in  a box  structure.  Six  1/4"  plates  form  the  four 

t 

sides  and  the  top  and  bottom  covers.  The  two  beamsteerers  are  mounted  on  the 
top  cover  while  the  horizontal  or  x axis  deflector  is  mounted  on  the  side  plate, 
opposite  the  input  optic  arm.  The  plate  mounted  opposite  the  output  optic  arm  is 
the  back  cover  plate  and  is  removed  during  the  initial  optical  aligmnent.  Align- 
ment of  the  dual  axis  beamsteerers  was  performed  at  ITT  Gilfillan  prior  to  system 
shipment  and  requires  no  further  adjustment.  Realignment  of  the  beamsteering 
assembly  should  only  be  necessary  if  the  deflector  adjustments  have  been  changed 
or  if  the  beamsteerers  have  been  removed  for  replacement'. 

7.2.4  Electronic  Control.  - The  two-axis. beamsteerer  control  amplifier  is  shown 
in  the  photograph  of  Figure  7-8.  The  rear  end  of  the  GBAA  main  frame  channel 
acts  as  an  integral  portion  of  the  drive  amplifier  housing.  The  amplifier  has  been 

designed  to  be  a portable,  self-contained  unit,  capable  of  being  removed  from  the 

* 0 

transmitter  main  frame  and  remotely  mounted,  if  desired.  All  cable  connections 
and  controls  are  located  at  the  amplifier  front  panel.  'ConheX  subminiature 
connectors  are  used  for  routing  x and  y deflection  drive  input  signals,  as  well 
as  the  beam  deflector’s  strain  gauge  and  output  drive  cables.  Deutsch  connectors 


7-24 


LASER  APERTURE 

BEAM  FORMING 
OPTICS 


BEAM  STEERER 
ASSEMBLY 


TRANSMITTER 


ADJUSTABLE 

MIRROR 


Figure  7-8.  Ground  Based  Acquisition  Aid  (GBAA) 
Transv.'.' • ter  and  Receiver  (Rear  View) 


carry  the  amplifier  low  voltage  power  and  switching  functions  from 

mounted  CONTHOL  unit  to  the  amplifier  and  bearosteerer 

Fine  trim  BOEESIGHTING  controls  are  safety  mounted  behind  the 
t.„nt  pm.el  and  are  adjusted  through  front  panel  access  holes.  Deflection 
sensitivity  controls  are  also  provided  on  the  amplifier  chassis.  Chassis 

removal  Is  reaulred  for  deflection  gain  control  access. 

Dual  axis  beam  deflection  amplifier  circuitry  is  mounted  on  a 
smgle  circuit  board.  The  y axis  amplifier  is  mounted  on  the  top  of  the  board 
^Ue  the  bottom  of  the  board  contains  the  x axis  amplifier.  Both  amplifiers 
are  electrically  similar  although  not  identical.  The  x axis  amplifier  has  an 
additional  unity  gain  phase  inverter  amplifier  which  corrects  the  beam- 
Steerer's  x axis  deflection  phase  to  that  of  the  receiver  sensor. 

Major  circuits  contained  in  the  beamsteerer  drive  amplifier  are: 

Summing  preamplifier 

0 

Low  pass  filter 

Power  drive  amplifier  ^ 

• Strain  gauge  sensor  amplifier 

• Differential  amplifier 

• Temperature  compensation  amplifier 
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Signal  processing  amplifiers  are  TO  -5  can-type  integrated  circuit 
amplifiers.  Beamsteerer  signal  amplification  and  drive  is  provided  by 
transistor  amplifiers.  An  operational  description  of  the  beamsteering  drive 

i 

r 

amplification  is  as  follows: 

A beamsteering  deflection  drive  signal  voltage,  at  a transfer  ratio 
of  one  volt  per  degree,  is  applied  to  the  summing  preamplifier.  The  pre- 
amplifier is  driven  by  two  sources,  the  input  drive  signal  and  the  output  of  a 
summing  differential  amplifier.  The  differential  amplifier's  main  function 
is  to  provide  an  additional  transient  drive  voltage  used  to  improve  the 
amplifiers  - step  response  - characteristics.  Both  input  drive  voltage  and 
mirror  position  strain  gauge  voltages  are  applied  to  the  differential  amplifier. 
The  differential  amplifier  senses  a difference  between  the  input  drive  voltage 
and  the  mirror  position  as  sensed  by  the  strain  gauges.  During  the  period  of 
imbalance  between  a change  in  input  voltage  and  mirror  position  response, 
the  differential  amplifier  adds  a voltage  to  the  preamplifier  which  augments  the 
initial  drive  signal.  The  combined  effect  is  to  increase  the  beamsteerer' s 
transient  or  step  function  response.  The  bandpass  characteristics  of  both  the 
preamplifier  and  differential  amplifier  have  been  tailored  to  prevent  overdriving 
the  piezoelectric  deflector  at  its  resonant  frequency.  Voltage  from  the 
preamplifier  is  subsequently  applied  to  the  transistorized  power  amplifier. 

The  high  voltage  power  amplifier  drives  the  piezoelectric  effective  . 25  mfd 
load  between  voltage  limits  of  +500  volts.  The  resulting  mirror  motion  is 
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sensed  by  attached  strain  gauges,  amplified  and  applied  to  the  differential 
amplifier  as  aforementioned.  When  the  input  driv<^  voltage  is  balanced  by  the 
strain  gauge  voltage  (at  the  differential  amplifier  input),  transient  drive 
voltage  diminishes  to  zero  and  the  mirror  position  becomes  static. 

Early  testing  of  the  beamsteering  assembly  revealed  the  existence  of 
a beam  position  drift,  which  is  related  to  temperature  change.  (See  Figure  7-9. ) 
Temperature  changes  which  affected  mirror  position  not  sensed  by  the  respective 
strain  gauge  sensors  were  subsequently  corrected  for  by  the  addition  of  ^ 

temperature- compensation  circuitry.  Drive,  strain  gauge,  temperature  com- 
pensation, and  beam  positioning  voltages  are  all  summed  at  the  differential 
amplifier's  input  terminals.  Auxiliary  beam  positioning  controls  are  also  mounted 
in  the  beamsteerer  housing. 


7.  2.  5 Transmitter  Optics.  - The  transmitter  optical  system  is  rigidly 
mounted  to  the  beamsteerer  housing  to' form  a compact  modular  optical 
unit.  The  optical  path  is  folded  180°  to  facilitate  packaging  compactness 
Excellent  mechanical  rigidity  is  obtained  by  the  use  of  cylindrical 
supporting  arms  used  to  attach  the  input  and  output  optics  to  .the  beam 
steerer  housing.  During  system  testing  however,  a transmitter  beam  ^ 
motion  was  observed.  As  the  GBAA  was  being  operated  in  a static 
(non-tracking)  boresighted  mode,  the  transmitter  beam  was  positioned 
on  a target  fixed  to  the  transmitter  mainframe.  The  gimballed  tele- 
scope motint  was  then  driven  to  impart  a conical  rotation  of  the  trans- 
mitter assembly  of  approximately  30°  off  verticle.  A plot  of  the 
transmitter  beam  position  was  recorded  on  the  afixed  target,  at 
various  angular  positions.  A transmitter  beam  wander  of  approxi- 
mately  two  beam  diameters  (±0.  1°)  was  noted  (see  Figure  7-10,  Trans- 
'mitter  Beam  Stability  test).  A program  was  henceforth  initiated  to 
rigidize  the  enLre  transmitter  assembly  consisting  of  the  laser, 
beam  steerer,  receiver  sensor  and  mounting  plate  mainframe.  Sub- 
sequent tests  revealed  a reduction  in  beam  motion,  however,  the 
primary  motion  source  was  later  found  to  be  a loose  optics  supporting 
cylinder  within  the  input  optics  arm.  The  loose  assembly  was  that 
of  a cylindrical  lens  assembly,  threaded  for  optical  adjustment, 
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mounted  inside  the  optics  support  arm.  The  motion  involved  was 
that  of  a cylinde;*  rolling  within  a cylinder,  A.  single  set  screw  had 

I 

been  jarred  loose  or  left  loose  from  a previous  lens 

/*  - 

adjustment,  A second  set  screw  was  installed  at  right  angles  to  the 
original  and  both  screws  tightened  to  preclude  further  mechanical 
shift,  ' ' 

Future  tests  revealed  excellent  pointing  and  tracking 
stability  of  the  ti*ansmitter  and  receiver  sensor  during  actual  air- 
craft tracking  operation, 

/the.transmitter  beam  steering  aind  optics  package  is,.shown  in 
Figure  7-11,  / /'  , . ' 

4 ■ ■*  ' . 
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7.3 


The  general  system  block  diagram  is  again  used  to  indicate 

* * 

the  relationship  of  the  receiver  subsystem  to  the  other  elements  in 
Figure  7-12. 
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Figure  7-12.  GBAA-Receiver 
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7,3.1  Receiver  {lensor  Optics.  - The  GBAA  optical  system  consists  of  a high 

speed  lens  and  spectral  trimming  filter.  The  lens  is  a De  Old  Delft,  65  mm  f.  1. , 

t/0, 75.  The  lens  21**  total  field-of-view  more  than  adequately  covers  the  GBAA 
o 

10  FOV  requirement.  The  image  size  produced  at  the  image  dissector  tube  photo^ 
requirement.  The  image  size  produced  at  the  image  dissector  tube  photo- 
cathode is  determined  by  the  angular  field  coverage  and  the  lens  focal  length. 

With  a lens  focal  length  of  65  mm  and  a sensor  field-of-view  coverage  of 
10**  square,  the  maximum  image  size  as  projected  onto  the  photocathode  of 
the  image  dissector  tube  is  0.448"  square,  with  a maximum  diagonal 

» 

dimension  of  0. 634".  This  image  size  fits  well  within  the  image  dissectors 
useful  photocathode  area  diagonal  dimension  of  0. 7". 

The  len's  only  mechanical  constraint  is  that  its  back  focal  length 
is  adequate  to’ provide  clearance  between  the  rear  element  support  and 
the  image  dissector  photo  tube.  This  region  is  used  to  position  the  protective 
sun  shutter  blade. 

The  lens  resolving  characteristics  are  such  as  to  produce  a 
target  image  that  falls  within  the  image  dissector's  instantaneous  photocathode 
dimension  of  0. 004"  square.  A modulation  transfer  function  plot  of  ^.e  De 
Old  Delft  lens  is  sho^vn  in  Figure  7-13,  , 

Attached  to  the  front  of  the  lens  is  a 3. 5"  spectral  trimming  filter 
designed  for  maximum  transmittance  at  the  Argon  Ion  laser  wavelength  of 
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. 5145  microns.  The  on  axis  3 db  bandwidth  is  . 002  microns.  The  maximum 
transmittance  of  55%  peaks  at  5148. 94  Ang.  as  shewn  in  the  spectral  trans- 
mission curve  of  Figure  7-14 . The  filter  is  fabricated  in  the  form  of  a 
glass  sandwich.*  Due  to  the  cementing  process,  absolute  flatness  is  no  longer 
maintained.  Local  filter  thickness  variations  result  in  minute  optical 
abberations.  This  condition  requires  that  the  filter  rotation  as  mounted  to  the 
lens,  be  maintained  consistent  mth  that  which  occurred  during  sensor  field 
mapping.  Removal  of  the  filter  is  made  necessary  due  to  the  addition  of  a 
star  tracking  capability  which  is  used  to  check  the  alignment  and  tracking 
of  the  GBAA  to  the  communications  telescope. 


7-38 


TR 


ifMli  Tip  I^^ODUCtS 

I w|-.i.THA  j.,  »!.'ofACMusFrrs  . 


FOtefNo 

ojj*^  }J  "j-y  ’~7'<f  ' ~ 


CjliOfjtion  0(J\  5 V (ri  - ^.3 


Futt  j Temp 

InMfumenti  />  ji  ^ ^ 7^ " r 


GBAA 

RECEIVER-SPECTRAL 
TRIM  FILTER 


BAA  Receiver-Spectral  Trim  Filter 


e 


7.3.2  niKsector.  - The  heart  o£  Ihe  GBAA  receiver  sensor  is  the 

t 

photo  detector.  ITT  image  dissector  photo  sensoi  s are  used  in  a wide  variety  of 

/ 

tracking  and  camera  applications.  The  photo  sensor  selected  tor  use  in  the  GBAA 
aircraft  tracking  application  is  the  ITTL  F-4012  remote  processed  image  dissector 
tube*  containing  an  S-20  photocathode,  a 4 mil  square  internal  limiting 
aperture  and  a nominal  gain  of  1 x 10®.  The  imagc  dissector  tube  is  used  to 
analyze  the  total  field K)f-view  (FOV)  for  the  existence  of  a target,  i,  e. , 
illumination  of  sensor  by  light  reflected  from  the  aircraft's  cube  corners. 

The  unique  characteristic  of  the  image  dissector  tube  is  its  capability  of 
electro -optically  sampling  a very  small  area  in  its  total  FOV.  Photon 
energy  contained  in  the  far  field  is  optically  focused  onto  the  image  dissector's 
photocathode.  Photo  current  leaving  the  photocathode  is  magnetically  focused 
and  deflected  past  the  dissector's  internal  limiting  aperture.  For  any  given 
■ deflection  angle,  only  those  electrons  leaving  a specific  area  of  the  photocathode 
will  find  their  way  through  the  limiting  aperture.  This  area  is  defined  by 
the  projection  of  the  limiting  aperture  onto  the  photocathode  and  is  referred 
to  as  the  instantaneous  photocathode  dimension  (IPD).  The  IPD  as  projected 
by  the  optical  s'ystem  into  the  £,  field  is  referred  to  as  the  instantaneous 
field-of”View  (IFOV).  The  IFOV,  as  produced  by  the  4 mil  limiting  aperture 
and  the  optical  system,  subtends  a solid  angle  of  0.09  square.  The  IFOV  is 
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magnetically  deHected  by  the  receiver  electronics  in  a Ian  or  fence  pattern 
to  search  the  1 0°  TOV,  An  overlapping  step  pattern  is  used  to  preclude 

the  target.  When  the  target  is  detected,  die  IFOV  is  deflected  about 


the  target  in  very  small  increments. 


This  deflection  is  in  the  form  of  a 


cruciform  pattern  and  is  called  TRACK  SCAN.  Deflection  coil  currents 
required  to  keep  the  IFOV  centered  about  the  target  are  a measure  of  the 
target’s  angular  position  relative  to  the  optical  boresight  axis  and  are  used  to 
generate  the  Declination  and  Hour  angle  error  output  voltages.  The  error 
voltages  are  subsequently  used  to  accurately  align  the  communications 


telescope  to  the  target  aircraft. 

Electrical  and  mechanical  specifications  of  the  image  dissector  used 
to  the  GBAA  receiver  sensor  are  shown  in  Appendix  E,  Vidissector-Image 
Dissector  Test  Data. 
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7, 3. 3 Sua  Shutter.  - Direct  viewing  of  the  sun  or  any  other  extremely  bright 
source  within  the  angular  field  of  the  receiver  will  damage  its  image  dissector 

I 

photosensor.  To  prevent  this,  a sun  sensor  and  shutter  system  is  described 
here.  It  is  desirable  in  some  applications  to  remcve  the  high  voltage  from 
the  tube  in  addition  to  closing  the  sun  shutter  as  is  done  in  the  GBAA. 


The  thin  metallic  sun  shutter  is  interposed  when  required  between  the  lens 
and  the  tube  face  by  the  action  of  a small  rotary  solenoid.  The  tube  is  shielded 
from  magnetic  effects  of  the  solenoid.  The  system  is  designed  to  be  fail-safe.  The 
shutter  is  spring-loaded  to  be  normally  in  the  closed  position  when  the  solenoid  is 
not  energized.  The  shutter  will  open  when  the  GBAA  is  turned  on,  provided  the 
sun  sensor  indicates  the  sun  is  not  in  the  field  of  view. 

A simple  and  small  sun  sensor  is  mounted  on  the  receiver  with  its  optical 
axis  near  and  parallel  to  the  GBAA  axis.  This  sensor  consists  of  a small  photo- 
sensitive cell  mounted  within  a short  tube.  Geometry  of  the  assembly  determines  the 
angles  through  which  the  sun  can  illuminate  the  cell.  As  the  output  of  the  sun  sensor 
rises  above  a present  threshold,  the  associated  circuitry  triggers  the  closing  of  the 
■ sun  shutter. 

The  sensor  threshold  level  is  set  to  trigger  for  sun  positions  \vithin 
30®  of  the  optical  axis.  'Use  sbuttver  activation  is  latching  and  must  be  manually 
reset  at  the  control  unit  for  resumption  of  normal  operation.  The  mechanical 
construction  of  the  sun  sensor  is  shown  in  Figure  7-15. 


7.3.4  Ranging  Ss^stem.  - The  ranging  system  herein  described  is  an  add-on  to 
the  original  contractual  requirement  of  NASS- 20629.  This  inclusion  of  a ranging 
capability  further  enhances  the  versatility  and  usefulness  of  the  GBAA  as  a data 
source.  Both  analog  and  digital  range  outputs  provide  aircraft  position  deter- 
mination as  a function  of  time,  thereby  aiding  in  the  evaluation  and  correlation 
of  atmospheric  turbulance  data. 

V 

Ranging  characteristics  are  as  follows: 


X. 

Ranging  granularity: 

10  meters 

2. 

Ranging  accuracy: 

Better  than  100  meters 

3. 

Range: 

>100,  000  ft. 

4. 

P.R.F.:  • 

1 kHz 

5. 

Transmit  pulse  width: 

15  microseconds 

6. 

Range  smoothing: 

32  samples 

7. 

Range  averaging  time: 

128  milliseconds 

8. 

Range  output: 

Visual  display  in  kilometers 

**'  •% 

9.  Range  output  for  recording:  Analog  and  Digital/Binary  (12  bits) 
The  following  ranging  system  is  one  which  functions  synchronously 
with  the  GBAA  TRACK  mode.  It  is  unaffected  by  transmit  pulse  width  or 
jitter  and  is  desensitized  to  return  signal  fades.  Gating  is  also  used  to  optimize 
return  signal  characteristics.  (See  Figure  7-16.  V 
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13  I - SCHEMATIC  DIAGRAM  NUMBERS 


Figure  7-16.  Ground  Bdsed  Acquisition  and  Ranging  System  Block  Diagram 


Yi  nanTiirr 


Rang6  is  determined  ss  a femction  of  elapsed  time  between  the  center 
of  the  transmit  pulse  and  the  center  of  the  return  pulse.  The  pulse  centers 
(in  time)  are  determined  by  digitally  measuring  the  width  of  each  pulse  and  « . 
halving  the  result.  Range  measurement  is  therefore  unaffected  by  laser  pulse 
starting  time  or  width  variation.  It  is  likewise  unaffected  by  return  pulse 
width  variations  due  to  scintillation  but  will  be  affected  by  pulse  distortions. 

• If  scinti nation  or  noise  should  render  the  return  pulse  asymmetric, 
then  the  range  readout  will  incur  an  error.  To  minimize  this  possibility, 
only  those  return  pulses  which  occur  when  the  GBAA  track  scan  is  closely 
centered  on  the  target,  are  analyzed.  » 

Major  system  circuits  are: 

1.  Dual  frequency  clock 

2.  Transmit  pulse  sensor 

3.  Return  signal  discriminator/gate 

4.  Range  counter 

5.  Range  smoothing  counter 

6.  Range  accumulator 

7.  Storage  register 

8.  Sample  counter 

9.  Range  digital  to  analog  converter 

10.  Range  readout 
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A typical  ranging  sequence  is  as  follov^s: 

The  dual  frequency  clock  pulse  generator  drives  the  range  counter 
at  a 15  mHz  rate  between  the  trailing  edge  of  the  transmit  pulse  and  the  lead- 
ing edge  of  the  return  signal.  The  15  mHz  clock  produces  the  basic  10  meter 
range  granularity.  The  7. 5 mHz  clock  drives  the  range  counter  during  the 
transmit  and  return  pulse  durations.  This  results  in  a range  equivalent  of 
one-half  the  transmit  pulse  plus  one-half  the  return  pulse.  The  total  clock 
count  is  therefore  the  time  equivalent  of  the  range  from  the  center  of  the 
transmit  pulse  to  the  center  of  the  return  pulse,  in  10  meter  increments. 

The  Range  Counter  is  a binary  UP/DN  counter  used  to  store  individual 
range  samples.  It  is  driven  by  the  aforementioned  dual  frequency  clock  for 
the  period  between  transmit  and  return  pulses.  It  is  then  DOWN  counted 
as  the  Range  Accumulator  is  simultaneously  driven  to  accumulate  1/32  of 
the  individual  sample.  The  5 bit  smoothing  counter  is  driven  ahead  of  the 
range  accumulator  counter  to  provide  the  32  sample  smoothing.  After  32 
range  samples  have  been  accumulated,  the  count  in  the  range  accumulator 
is  parallel  transferred  to  a storage  register.  Ihe  register  stores  the  binary 
equivalent  range  for  each  32  sample  period.  The  register  outputs  are 
connected  to  a 12  bit  digital  to  analog  converter.  The  converter  output 
provides  the  voltage  drive  to  the  range  buffer  amplifiers.  Two  outputs  are 
available  with  voltage  to  range  transfer  functions  of  10  kilometers  per  volt 
and  4 kilometers  per  volt.  The  outputs  are  used  to  input  both  the  external 
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computer  and  the  visual  display  panel  meter  mounted  in  the  control  unit. 

It  is  worth  noting  that  only  those  range  samples  wMch  occur  durmg  the  first 
four  steps  of  each  cruciform  scan  lobe  are  used  as  range  samples,  and  of 
those  four,  only  those  exceeding  the  return  pulse  discriminator  threshold 

level  are  processed. 

The  range  counter  is  cycled  up  and  down  at  each  transmit  pulse. 

In  the  absence  of  a return  pulse  the  range  smoothing  counter  is  inhibited 
for  that  range  sample  period,  men  a return  pulse  is  sensed,  the  smoothing 
counter  is  enabled  and  drives  the  range  accumulator  as  the  range  counter 


is  being  down  counted. 


7.4  Control  and  Display 


The  GBAA  control  unit  consists  of  a panel  and  chassis  type  unit  in 

which  all  functional  controls  are  housed.  The  unit  is  designed  to  mount 

/ 

in  a standard  19”  relay  rack  frame.  All  command  controls  and  status  monitors 
are  mounted  on  the  7”  x 19”  front  panel.  Considerable  design  effort  was 
exercised  in  producing  a unit  having  a high  degree  of  operational  and  testing 
flexibility  while  maintaining  a basic  simplicity  for  avoidance  of  operational 
error.  Red/Green- Go /no  Go  visual  warning  is  incorporated  in  the  control 

f 

switching  system  to  alert  the  operator  of  any  control  combination  condition 
not  required  for  normal  operation. 

The  illuminated  Power  AC  switch  indicates  a red  TEST  condition 
- when  the  GBAA  is  initially  energized  and  continuously  thereafter  until  all 
control  selectors  have  been  set  for  normal  operation.  When  the  appropriate 
operating  conditions  have  been  selected,  the  Power  AC  indicator  will  switch 
to  OPERATE  green.  Should  the  GBAA  sensor  be  directed  such  as  to  intercept 
sun's  rays,  the  sun  shutter  energizes  and  a red  indicator  will  appear  at  the 
SHUTTER  CLOSED  push  button.  Conditions  which  allow  normal  tracking  and 

r 

ranging  are  as  follows: 

1.  Power  AC  on. 

2.  Tracker,  beamsteerer  and  sensor  power  switches  ON. 

3,  Shutter  open. 

4,  Mode  selector  to  OPERATE 
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5*  Readout  Selector  at  RANGE 

6.  Scan  selector  - EASTER  or  FENCE,.  OFFSET  or  CENTOR  , 

7,  L aser  in  OPERATE 

Operatiug  and  test  readout  devices  include: 

1.  A digital  volt  meter  which  provides  readout  of  Target  Range  - 
In  kilometers,  elevation  and  azimuth  errors  - in  degrees  and 

• tracker /ranging  threshold  levels  - in  volts. 

2.  A laser  running  time  meter. 

3.  Declination  and  hour  angle  analog  voltmeters 

The  declination  and  hour  angle  voltmeters  are  particularly  useful 
during  the  trinsmltter-reoelv'er  aiigning  phase.  Automatic  meter,  s.ensltlvity 
switching  .provides  full  scale  sensitivities  of  5°.  0.5°,  0.05  scale  with 
a (low  Scale)  resolution  of  . 002°  per  division.  The  automatio 

switching  provides  the  operator  with  - hands  off  - monitoring  during  the  critical 

alignment  phase. 

The  laser  running  time  meter  accumulates  actual  laser  trigger  time 
(as  opposed  to  standby)  and  can  be  used  as  an  aid  in  reference  to  a laser  gas 

refill  cycle  schedule. 

Dynamic  operating  mode  status  is  indicated  by  three  gallium  phosphide 
Ught-emittlng  diodes  positioned  adjacent  to  the  mode  selector  switch.  Modes 

indicated  are  SEARCH.  TRACK,  and  MINI  SCAN. 


Referring  to  the  photograph  of  the  GB*AA  control  unit,  Figure  7-17,  the 
left  hand  row  of  push  button  switches  are  used  to  energize  specific  laser  radar 

t 

subsystems.  The  POWER  AC  switch  is  first  energized.  This  operation 
distributes  AC  power  to  the  +5  volts  and  ±15  VDC  power  supplies  as  well  as  the 
laser  transmitter  and  the  cooling  fan.  The  upper  TRACKER  pushbutton  is  next 
energized  to  distribute  the  low  voltage  DC  power  to  the  TARGET  TRACKER 
and  RANGING  electronics.  Operation  of  the  BEAMSTEERER  pushbutton  energizes 
the  ±500  VDC  supplies  used  to  drive  the  piezoelectric  beamsteerers.  The  SENSOR 
pushbutton  applies  high  voltage  (2  KV)  to  the  receiver  sensor  image  dissector  tube. 
The  SHUTTER  OPEN  switch  has  a momentary  closure  action  and  is  normally 
energized  when  all  other  normal  functions  have  been  selected. 

The  right  hand  row  of  switches  are  used  to  select  the  type  and 

f 

field  posltion  of  the  required  SEARCH  scan. 

t Two  rotary  selector  switches  are  locate^  to  the  right  and  left  of 
the  center  panel  digital  volt  meter.  The  left  hand  switch  selects  the  normal 
dynamic  mode  of  operation  when  in  the  OPERATE  position.  Static  mode, 
scan  pattern  tests  are  generated  when  TRACK  or  MINISCAN  are  selected. 

The  READOUT  SEL.  switch  provides  a visual  irdication  of  TARGET  RANGE 
(in  kilometers)  Elevation  and  Azimuth  Angle  Error  outputs  (in  degrees)  as 
well  as  sensor  and  ranging  threshold  voltages  v/hen  in  TEST. 


T M'  rq]  ';'|  ;;  ,1? J ’] 


Figure  7-17.  GBAA  Control  Unit 
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The  TARGET  to  BORESIGHT  analog  meters  readout  tracking  to 
boresight  angle  errors  along  the  declination  and  hour  angle  axes.  The  meters 
have  three  scales  of  sensitivity  - AUTOMATICALLY -switched  between 
+5°,  +.  5®  and  +,  05^  full  scale. 

The  LASER  switch  is  operated  in  the  red  STANDBY  mode  awaiting 
g^proach  of  the  target  aircraft.  Energizing  the  laser  switch  results  in  a 
green  OPERATE  mode  coincident  with  triggering  of  the  laser  transmitter. 

A small  running  time  meter  is  located  immediately  below  the  digital  volt 
meter  and  is  used  to  record  actual  laser  trigger  time. 

Tracker  and  Ranging  system  threshold  controls  are  located 
immediately  above  the  power  AC  s^vitch  and  can  be  adjusted  by  use  of  the 
adjacent  visual  false  alarm  indicators. 
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7.4.1  Signal  Processing.  - All  signals  for  target  1 racking  and  ranging  are  pro- 

/ 

cessed  within  the  control  unit.  All  circuits  are  mounted  in  Augat  type  8136-P 
Integrated  circuit  chassis  located  at  the  bottom  of  the  control  unit.  (See  Figure  7-18.) 
Piano  hinge  mounting  at  the  center  of  the  control  box  provides  accessibility  to  both 
wiring  and  component  sides  of  the  circuit  boards.  All  socket  interconnections  are 
hard  wired.  Plug-in  dual  in  line  integrated  circuit  logic  components  are  used 
throughout  to  facilitate  ease  of  component  test  and  replacement.  Analog  integrated 
circuit  amplifiers  and  associated  components  are  mounted  on  plug-in  adapter 
sockets.  Circuit  board  component  and  wiring  sides  are  shown  in  the  accompanying 
photographs. 

Additional  cooling  for  supplies  and  chassis  components  is  provided  for  by  a 
Rotron  fan. 

All  signal  and  power  connections  are  made  at  the  control  unit  rear  panel. 
Signal  carrying  connections  are  made  with  CONHEX  subminiature  connectors. 

Deutsch  DM9600  series  connectors  are  used  to  carry  the  sensor  and  beamsteerer 
deflection  signals.  Angle  error  and  ranging  signal  outputs  terminate  in  dual  EL  CO 
connectors.  Power  connections  are  made  in  standard  3 prong  polarized  cannon 
receptacles.  An  indicating  type  master  frse  block  is  mounted  immediately  above 

r > 

the  primary  AC  power  connector.  (See  Figure  7-19.)  • ' 
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Figure  7-19.  Ground  Based  Acquisition  Aid  (GBAA)  Control  Unit  (Rear  View) 


7.  5 GBAA  Laser  Radar  Target  Tracker 

5, 1 Start-Up  and  Operating  Procedure.  - To  operate  the  tracker, 
proceed  as  follows: 

f 

1.  Operate  the  A.  C.  POWER  switch.  This  energizes  all  dc  power  supplies 

and  indicator  lamps.  i 

2.  Operate  the  TRACKER  switch.  The  TRACKER  switch  applies  +5V  and  i 

^15  Vdc  to  tracker  logic,  ranging  system  and  transmitter  and  receiver 
amplifiers.  , s 

3.  After  a two  to  three  minute  warm-up  period,  the  Britt  Argon  laser  will 

• • t 

I 

automatically  energize  and  be  recognized  audibly  by  the  sound  of 
cooling  fans.  This  warm-up  cycle  will  repeat  any  time  the  ac  power  is  , 

interrupted.  "Caution"  is  advised  any  time  the  laser  is  in  operation.  » 

"NEVER"  look  directly  into  the  laser  beam.  " Refer  to  the  laser  manual 

4 J 

a 

for  proper  laser  operation  and  maintenance.  : 

4.  All  tracker  functions  should  now  be  operable  and  individually  selectable  ’ | 

M 

hy  tile  MODE  SELECTOR  switch.  Cables  may  be  tee  connected  to  the  * [ 

1 

beam  deflector  drive  outputs  (rear  of  electronics  chassis)  and  connected  ^ 

to  the  respective  horizontal  and  vertical  inputs  of  an  X-Y  oscilloscope.  ; 

^ ■ ! 
The  scope  display  maybe  used  as  visual  verification  of  the  proper  > 

operation  of  the  mode  selected.  Proper  operation  of  all  drive  modes 

should  be  obtained  prior  to  application  of  power  to  the  BEAM  DEFLECTOR 

amplifier.  A "first  time"  precaution  can  be  obtained  by  selecting 
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boresight  track  scan  mode.  This  is  obtained  by  first  selecting  TRACK- 
MODE  then  bean,  position  center  by  momentarily  depressing  the  CENTER 
pnshbutton  then  the  POSITION  SCAN  button  (in  and  out).  This  set-up 
should  produce  a track  scan  centered  at  boresight.  By  attaching  the  - 
removable  metal  target  to  the  end  of  the  User  bed,  (mounted  with  a 
single  1/4-20  screw)  operation  of  the  beam  deflector  may  be  observed. 
Attenuation  of  the  laser  beam,  by  insertion  of  a 1.0  to  2.  0 neutral 
density  filter  in  the  light  path,  may  be  desired  for  viewing  ease. 

Pressing  the  LASER  OPERATE  button  should  produce  a green  spot  on 

the  target  in  the  vicinity  of  the  pencilled  square.  If  laser  spot  is  not 

visible,  check  laser  per  instruction  manual,  until  normal  output  is 
obtained.  If  spot  is  visible,  depressing  the  BEAM  DEFLECTOR  button 
should  cause  a discernable  wobble  to  the  spot  - this  is  Track  Scan. 
Selecting  a centered  miniscan  should  produce  a mini-field  pattern  8 
steps  wide  by  9 steps  high  ( ==  . 4"  sq.  ).  Selection  of  FENCE  & SEARCH 
•will  produce  a single  line  scan  of  128  step  increments.  RASTER-SEARCH 
will  cause  the  128  step  line  to  search  a 10°  x 10°  field-(^  6"  sq. ). 

After  all  modes  and  scan  patterns  have  been  obtained,  mutual  alignment 
of  the  transmitter  and  receiver  can  be  checked.  Beam  position  should  be  - 
observed  on  the  portable  target  with  the  tracker  at  boresight  (POSITION 
SCAN  depressed).  The  tracker  electronics  should  be  stabilized  in 
approximately  15  minutes.  The  laser  transmitter  and  beam  steering 
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7. 


drift  for  a one  to  two  hour 
system  will  have  a slow  migratory  drift 

^rror  can  be  electrically  compensated 
period.  The  beam  position  err 

. f boresight  controls  on  the  front  of  the  beam 
for  by  adjustment  of  the  boresigni 

deflector  ampUfie.  chassis.  ' Flcst.  -.the  BHtt  laser  wavelength 
selector  X-Y  controls  should  be  adjusted  to  yield  the  brightest 
epot.  Then,  the  boresight  controls  should  be  adjusted  to  center 

.the  beam  in  the  target  box.  ' . 

4-1,0  fareet  may  be  removed.  Full. 

Following  the  beam  centering,  , ^ 

operation  oi  the  e.uipnrent  may  neat  be  obtained  by  locating  a 

passive  target  (such  as  a corner  cube  or  group  of  cubes) 

, range  Transmitter  dr  receiver  may  require 

approximate  2 mile  rang 

auer  attenuation,  at  short  range,  to  prevent  receiver  sensor 
overdrive.  With  SENSOR  depressed  and  SHUTTER  OPEN,  the 
receiver  is  readied  for  normal  operation.  By  depressing  the 
raster  scan  button  and  selecting  OPERATE,  normal  tracker 

operating  mode  should  be  indicated  by  all  red  lights  out.  Any 

• 1-  fr,r  remaining  would  indicate  the  equipment 

red  push  button  indicator  remaining 

in  the  test  mode  only.  With  all  green  lights  indicating  system  - O 
Ihe  mode  should  indicate  SEARCH  until  the  target  is  encountered 

at  which  time  an  automatic  switch  to  track  will  occur.  If  the 

tracker  threshold  (front  panel  rt.  hand  pot)  is  set  too  sensitive. 

acquisition  on  noise  pulses  may  occur.  Normal  adjustment  is 
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made  by  cw  rotation  of  theshold  adjustment  until  acquisition  just 
occurs  on  noise  then  backed  off  just  slightly. 

8.  For  daylight  tracking,  compensation  for  high  background  brightness 

/■ 

may  be  desired.  This  is  accomplished  by  adjustment  of  the  left 
hand,  front  panel  threshold  control.  This  control  varies  the 
receiver  preamplifier  attenuation  (manual  gain  control).  Its 
voltage  level  can  be  read  on  the  DVM  by  positioning  the  operate 
selector  in  the  straight  down  (6  o'clock)  position.  Attenuation 
starts  at  about  the  1 volt  level.  1.25  volts  produces  a nominal 
20  dB  attenuation.  This  is  usually  adequate  for  horizon  type 
daylight  tracking.  The  DVM  monitoring  position  one- step  cw 
' of  the  aforementioned  position  is  used  for  all  voltage  test  measure- 
ments which  can  be  facilitated  by  use  of  the  Q bail  probe  attached 

t 

to  the  underside  of  the  electronics  chassis. 

9*  T^st  jacks  have  also  been  provided  on  the  underside  of  the 

electronis  chassis  for  monitoring  tracker  video,  scope  sync 
(track  mode  only)  and  discriminated  range  return. 


O 


Qi 


b 
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7.  6 Mechanical  Configuration 


The  ground  based  acquisition  aid  is  packaged  in  two  separate 
vinits  interconnected  by  power  and  control  cables.  Mounted  as  a unit 
on  the  optical  communications  telescope  is  the  laser  radar  consisting 
of  the  laser  transmitter,  optical  beam  deflector  and  receiver  sensor. 
The  unmoiinted  laser  radar  and  control  unit  is  pictured  in  Figure  7-20. 

V 

The  laser  radar  unit  is  cable  connected  to  the  control  xinit 
which  is  rack  mounted  at  a location  near  the  telescope  computer 
control  center.  The  control  unit  packaging  is  described  in  the 
receiver  subsystem  section. 

A single  'TJ”  shaped  channel  mainframe  is  used  as  the  main 
packaging  platform.  The  receiver  and  beam «steering  assemblies  are 
cantilever  mounted  to  the  side  of  the  channel  mainframe. 

It  should  be  noted  that  the  receiver  has  been  relocated  sub- 
sequent to  installation  at  the  Madkin  mountain  site  and  is  now  located 
on  the  same  side  as  the  beam  deflector  assembly.  The  receiver 
modification  was  made  to  increase  sensitivity  by  positioning  it  such 
as  to  intercept  a more  intense  area  of  the  reflected  laser  beam. 
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Figure  V-20.  Ground  Based  Acquisition  Aid  (GBAA) 


Modifications  were  made  to  the  mainframe  structure  subsequent 
to  preliminary  testing.  Early  testing  revealed  a beam  positioning 

t 

instability  coincident  with  a change  in  test  bed  platform  orientation. 

To  eliminate  any  possible  contribution  of  beam  motion  due  to 
mechanical  instability,  the  test  bed  mainframe  was  reinforced  with 
a box  type  structure  undergirding  the  entire  U frame  channel. 
Additiohal  supporting  brackets  were  added  to  rigidize  the  transmitter 
input  and  output  optics  and  the  receiver  sensor  assembly.  A brief 
description  of  the  structural  modifications  is  as  follows. 

t 

7.6.1  Transmitter  Test  Bed  - Structural  Support  Design,  - The  design  approach 
was  based  on  the  fact  that  several  units,  laser  beamsteerer,  and  receiver,  were 
to  be  mounted  individually  on  a mount  system  of  sufficient  rigidity  to  maintain 
inter-unit  alignment  in  spite  of  overall  system  orientation  throughout  the  tracking 

sequence. 

Consequently,  the  structural  mechanical  mount  was  configured  to 
provide  rigidity;  overall  system  deflections  in  the- area  of  . 0002  to  . 001 
maximum  when  inverting  or  reorientating  the  system  in  a worst  case 
’ condition.  This  was  accomplished  with  a base  mount  constructed  as  follows. 

. The  basic  structure  is  a 9”  mde,  6”  deep  by  53"  long  box  beam  containing 
the  basic  telescope  mount  hole  pattern.  The  box  beam  is  built  of  1/4"  and 


7-63 


3/8"  plates  with  J./4"  shear  panels  as  required  with  the  top  and  bottom  plates 
(3/8)  machined  fcr  flatness  and  parallelism.  A second  structural  member, 
a X 53”  long  diannel  machined  flat  is  attached  to  the  box  beam  and  contains 
the  appropriate  attach  bracketry  for  mounting  and  alignment  of  the  laser 
unit.  This  channel  is  fastened  to  the  box  beam  in  such  manner  as  to  obtain 
M overall  box  beam  - channel  composite  structure.  Next,  two  angle  bracket 
structural  units  ?re  intertied  to  the  box  beam-charinel  assembly  at  required 
locations  to  provide  the  necessary  beamsteerer  and  receiver  mount  surfaces. 
Inter  related  alignment  set  screws  and  bracket -saddle -strapping  are  provided 
to  stabilize  the  beamsteerer  telescopic  tube  structure  and  the  receiver  container 

for  required  alignment  and  overall  unit  stiffness. 

The  overall  structural  mechajiicai  assembly  is  relatively  simple  in 
concept  but  is  of  sufficient  size  structurally  and  configured  mechanically  to 
achieve  the  required  mounting  configuration  and  overaU  laser  optical  align- 


ments. 


7.  6,  2 Telescope  Interface.  - The  GBAA  transmitter/receiver  package  is 


movinted  to  the  24”  communications  telescope  main  barrel.  The  telescojse 

mounting  surface  consists  of  three  raised  pads  or  bosses.  The  bosses 

/ 

are  located  in  a triangular  arrangement.  The  boss  at  the  apex  of  the 
triangle  formation  acts  as  the  pivot  point,  about  which,  hour  angle 
adjustment  is  made.  The  adjustment  is  made  by  use  of  a slotted 
interface  bracket  which  couples  the  GBAA  to  the  two  remaining  bosses 
and  declination  adjustment  is  made  by  shimming  the  adjustable  mounting 
bracket.  Figure  7-21  shows  the  laser  radar  telescope  mounting  interface 
prior  to  the  addition  of  the  box  beam  support. 


7»  7 System  Alignment  and  Calibration  Test 


The  step-by-step  procedure  used  to  mutually  align  the  GBAA 
transmitter  and  receiver  is  as  follows; 

Transmitter-Receiver  BORJESIGHT  alignment  setup  - GBAA  "ON, 
Position  Scan,  beam  steerer  ON,  beam  at  BORESIGHT. 

•1.  Attach  the  target  plate  to  the  GBAA  test  bed.  This  is 

used  as  a visual  aid  in  aligning  the  transmitter  beam  to 
the  test  bed.  • ' ' 

‘ j 

2.  Mechanically  position  the  laser  such  that  its  output  beam 
enters  the  .center  of  the  beam  steerer  input  optics.  ' 

.9  - » 

.3.  Align  laser  to  obtain  beam  at  output  optics,  parallel  to 
laser  housing  or  to  previously  established  target 
position  if  available. 

NOTE;  Laser  horizontal  adjustment  moves  output 
beam  vertically  and  vertical  adjustment 
moves  the  output  beam  horizontally  - due  to 
inversion  through  the  beam  steerer. 

4.  Release  POSITION  SCAN  and  select  RASTER.  Observe 

the  lO'^  X 10°  full  field  raster  scan  to  assure  clearance 
of  test  bed. 
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5,  Disconnect  and  terminate  (100  ) the  beam  steerer 

input  terminals.  This  is  needed  to  immobilize  the 

transmitter  beam  as  positioned  on  a far  field  target, 

/ 

while  allowing  the  receiver  sensor  to  gearch. 

I 

6,  Position  a reflective  target,  i.  e.  , cube  corner,  at  a 
convenient  range  (2  to  5 miles)  and  manually  position 
the  undeflected  transmitter  beam  to  the  target. 

NOTE:  Night  time  alignment  opei'ation  vastly  aids  in 

the  visual  identification  of  the  laser  return  beam. 

7.  Allow  the  receiver  sensor  to  ACQUIRE  and  TRACK 
the  target.  The  Declination  and  Hour  Angle  error  out- 
puts now  indicate  the  misalignment  between  transmitter 
and  receiver. 

8.  While  tracking 'the  target,  adjust  the  receiver  sensor  in 
elevation  and  azimuth  to  reduce  to  zero,  the  declination 
and  hour  angle  error  readouts.  Accomplishing  the  above 
will  result  in  the  mutual,  or  bore  sight  alignment  of  the 
transmitter  and  receiver, 

9«  Reconnect  the  Beam  Steerer  input  drives  and  lock  the 
sensor  adjusting  screws.  While  monitoring  the  track 
video  output  signal,  adjust  the  beam  steerer  Fine 


Centering  adjustments  to  obtain  a balanced,  elevation 
and  azimuth  track  scan  output.  . 

NOTE;  During  alignment  procedures  the  return 

signal  amplitude  should  be  attenuated  such 
that  signal  peaks  can  be  observed. 

Transmitter- Receiver  ROLL  Alignment  - Roll  alignment  is  checked 

in  the  AUTO/ TRACK  mode.  The  return  signal  is  attenuated  such  that 

- < 

the  track  video  peaks  can  be  monitored. 

1.  Rotate  the  GBAA  test  bed  along  one  axis  (plus  and  minus 
from  boresight),  to  produce  an  effective  target  motion 
in  declination  or  hour  angle  while  monitoring  the  track 
video  signal.  A degradation  of  the  track  video  signal 
occurs  when  misalignment  exists  in  either  ROLL  or 

deflection  sensitivity  between  transmitter  and  receiver. 
Roll  alignment  is  most  easily  checked  by  nudging  the 
transmitter  output  optics  in  a direction  to  obtain  a signal 
iixxprovement.  When  an  improvement  in  signal  return 
is  observed  the  sensor  is  then  adjusted  in  roll  to  opti- 
mize the  signal  return. 

2.  After  each  roll  adjustment  of  the  receiver  sensor, 
alignment  should  be  rechecked  at  boresight. 
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7.  7.  1 Deflecti-on  Sensitivity  Adiuat.  - The  receiver  deflection  sensitivity 
electronically  set  during  fabrication  and  is  therefore  nonadjustable. 

The  beam  deflector  sensitivity  is  therefore  adjusted  to  produce  far  field 

/ 

tracking  between  transmitter  cind  receiver.  • * 

■ 1,  Generate  effective  target  motion  above  and  below  and/or 
to  the  right  and  left  of  the  target  as  described  in  the 
ROLL  alignment.  When  video  signal  degradation  is 
observed,  vary  the  beam  steerer  gain  of  the  appropriate 
axis.  Increase  or  decrease  the  gain  \intil  signal  ampli- 
tude is  restored. 

2.  Check  opposite  angle  from  bore  sight  and  readjust. 

3.  Repeat  1 and  2 above  to  optimize  transmitter  and 

‘ - receiver  alignment  over  the  10®  x 10®  field  of  view. 

Transmitter  and  receiver  alignment  is  now  complete. 

7.  7.  2 Calibration  Test.  - Declination  and  Hour  angle  outputs  were 
calibrated  using  a LIETZ  rotary  table  with  which  to  generate  very 
precise  target  angles  (+  1 arc  sec.  ).  Final  deflection  and  readout 
sensitivities  are  adjusted  to  the  corresponding  LEITZ  table  angular 
setting  while  target  tracking  in  the  AUTO  TRACK  mode.  Both  analog 
and  digital  angle  error  outputs  are  adjusted  to  a gradient  of  1.  0 volt 
per  degree. 


O 
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A range  calibration  adjustment  is  available  in  the  Control 
Unit,  however,  due  to  the  lack  of  a fixed  target  of  known  range,  no 
absolute  range  calibration  was  made’ prior  to  equipment  delivery. 
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8.  SYSTEM  INTEGRATION  AND  TEST 

8.1  Introduction 

The  purpose  of  this  section  is  to  describe  the  interface  bet\veen 
ITTG-delivered  equipment  and  other  GFE  iteras,  and  to  discuss  the  ITTG 
participators  in  the  flight  operations.  ITTG  technical  personnel  have  been 
closely  associated  with  the  flight  and  ground  equipment  operations  throughout 
the  program,  induing  equipment  integration  and  test,  field  support  of  flight 
operation,  and  data  review. 

8.2  Interface 

Detailed  interface  data  (mechanical,  electrical,  cabling,  etc. ) 
and  flight  checkout  operation  procedures  will  not  be  incorporated  in  this 
final  report.  The  interface  data  appears  in  the  previously  submitted 
interface  control  document  prepared  jointly  by  ITTG  and  CCSD.  However, 
the  locations  of  the  interface  connector  plate  with  identifying  connector 
numbers  is  shown  in  Figure  8-1. 

The  AOCP  may  be  operated  without  being  connected  to  the  other 
Aircraft  Equipment  (power  supplies,  computer,  etc.)  by  using  a laboratory- 
type  28  VDC  power  supply,  and  a 117  VAC  source.  A power  cable  is  supplied 
with  the  AOCP  for  this  purpose  so  that  lab  test  evaluation  can  be  carried  out 
independent  of  other  equipment.  Additional  test  cables  have  been  provided 
tc  permit  measurement  and  display  of  tracking  signals,  status  signals,  etc. 
Usually,  for  most  tests,  the  Ground  Checkout  Equipment  (GFE)  is  used  with 
the  AOCP.  Operation  of  the  GCE  with  the  AOCP  is  described  in  the  GCE 
Operation  and  Maintenance  Manual. 
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' For  actual  flight  tests  and  preflight  checks,  the  AOCP  is  inter- 

f 

connected  with  the  CCSD  Aircraft  and  Ground  Support  Equipment  (GSE), 

including  the  computer,  data  recorders,  etc.  • 

8^:2. 1 /vnrP  Tnterfane  with  CCSn  Platform^.  - The  initial  integration  of  the  ACCP 

Integration  contractor  facility  (NASA/Mi schoud  Facility,  Louisiana).  This  initial 

integration  went  extremely  smooth  bv  virtueof  a very  detailed  IDC.  After  initiah  static 

alignment  and  functional  tests  were  made  on  tlie  integrated  system  with  only  v 

' » i' 

minor  adjustments  in  the  control  loop  interface  gains,  etc. , the  dynamic 
tests  began.  The  dynamic  tests  involved  shaking  of  the  AOCP  and  support 
frame  containing  the  coarse  steering  mirror  in  an.  attempt  to  simulate 
(a  yet  undefined)  aircraft  environment.  These  dynamic  tests  uncovered 
several  problems  involving  the  tracking  rate  of  the  AOCP  and  various  coarse 
gimballed  .mirror  and  support  frame  resonances.  At  this  point,  the  two 
contractors  (ITTG  and  CCSD)  approached  their  equipment  problems 
separately  to  improve  performance  in  the  dynamic  environment.  Detailed 
reports  are  available  on  this  phase  of  the  program  and  will  not  be  repeated 
herein.  Suffice  it  to  say  that  substantial  improvements  were  made  in  both 
ITTG  and  CCSD  equipments  and  further  quantitative  tests  of  the  integrated 
system  in  a more  accurately  simulated  flight  environment  resulted  in 
acceptable  dynamic  performance. 
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8.3  MSFC  Field  Tests 


This  sfjction  presents  some  data  taken  on  the  integrated 

/ 

AVLOC  system  at  NASA/MSFC  with  the  Madkin  Mountain  Ground 
Station.  Some  extensive  tests  were  made  of  the  AOCP  controls 
subsystem  at  MSFC  to  improve  the  performance  of  the  tracking  and 
pointing  required  as  a result  of  experiencing  scintillation  effects  in 
the  real  atmospheric  exivironment  and  obtaining  a better  knowledge 
of  the  aircraft  platform  vibration  environment. 

The  MSFC  field  test  range,  illustrated  in  Figure  8-2,  is 
between  the  Artrionics  Laboratory  (Bldg,  4487)  and  the  Madkin 
Mountain  Grotmd  Station  complex.  During  early  tests  over  this 
range,  the  AOCP  unit  had  difficulty  maintaining  lock- on  with  the 
ground  terminal  beacon  and  particularly  when  the  atmospheric 
scintillation  induced  signal  modes  were  deep  and  high  in  frequency 
(50  db,  100  Hz). 

During  initial  field  test  between  the  Astrionics  Laboratory 
and  Madkin  Mountain,  apparent  angular  modulation  was  experienced 
which  was  excessive  in  both  amplitude  and  frequency.  Because  of 
this  effect  it  was  difficult  to  close  the  beamsteerer  loop  and  only 
intermittent  tracking  was  possible  with  the  ID  tracker.  This 


apparent  angular  modulation  was  traced  to  amplitude  scintillation 
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in  the  atmosphere  causing  dynamic  phase  changes  in  the  ID  tracker 
video  amplifier. 

t 

/ 

/ 

Two  separate  prob^ms  existing  in  the  ID  tracker  contri- 
buted to  the  tracking  difficulties  experienced  in  the  initial  field  test. 
They  were; 

1)  Excessive  phase  shift  in  the ‘video  signal  over  the  input 
signal  dynamic  range. 

2)  Inadequate  AGC  bandwidth. 

A field  modification  incorporated  between  2/7/72  and 
2/10/72  corrected  the  problems  listed  above.  This  modification 
resulted  in  successful  operation  of  the  AOCP  with  Madkin  Mountain 
in  a field  test  conducted  2/10/72.  Data  from  this  test  was  submitted 
to  J.  Randall.  It  is  believed  that  further  i-i^provements  are  possible 
and  a redesign  is  presently  in  process  to  replace  the  modified  video 
amplifier  in  the  ID  tracker. 

The  phase  shift  problem  existing  in  the  video  amplifier  was 
a result  of  the  gain  controlling  device  working  against  the  reactances 
of  the  ID  photomultiplier  tube  and  the  input  to  the  10.  7 MHz  communi- 
cation  amplifier  which  is  paralleled  across  the  tube  at  this  point. 

The  resulting  phase  shift  over  the  input  dynamic  range  was  in 
excess  of  70®.  The  design  modification  isolated  the  tube  output  ‘ 
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reactance  from  the  gain  control  device.  This  isolation  amplifier 

converted  the  current  output  from  the  ID  tube  to  a voltage.  The  gain 

controlling  de^/ice  (field  effect  transistor)  v,as  then  allowed  to  operate 

against  a resistive  source  as  a voltage  controlled  attenuator.  The 

resulting  phase  shift  over  the  dynamic  range  was  less  than  2.  5 . 

Phase  data  taken  with  an  oscilloscope  is  difficult  to  determine 
• : • * » •' 

accurately  to  small  phase  angles. 

The  AGC  bandwidth  was  approximately  10  Hz  which  is  below 
the  normal  frequency  range  of  amplitude  scintillation.  The  video 
amplifier  low  frequency  cut  off  was  approximately  100  Hz  and  limited 
the  effective  AGC  bandwidth  that  could  be  incorporated.  ‘By  adding 
additional  low  frequency  breaks  in  the  video  amplifier  the  low  fre- 
quency cutoff  was  moved  to  1.  5 KHz.  The  AGC  control  circuit  was 
redesigned  anc.  the  AGC  bandwidth  increased  to  120  Hz. 

The  above  modifications  resulted  in  redesign  of  the  video 
amplifier  input  stages,  gain  controlling  circuits  and  the  AGC  ampli- 
fier. The  proposed  new  design  will  replace  the  complete  video 
amplifier  resulting  in  increased  dynamic  range,  'AGC  bandwidth, 

.with  the  addition  of  adjustable  gain  and  threshold  controls  to  facilitate 
optimizing  the  tracker  during  field  test  between  Madkin  Mountain  and 
the  Astrionics  laboratory. 
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Figure  8-3  sximmarizes  the  before  and  after  performance  of 
the  AGC  amplifier.  TheAGC  bandwidth  was  increased  and  the  video 
bandwidth  was  narrowed  to  avoid  overlap  and  central  system 
instabilities.  Some  samples  of  the  pointing  performance  are  showii 
in  Figures  8-4,  8-5  and  8-6  which  are  strip  chart  recordings  of  the 
tracker  outputs.  Each  of  these  data  show  a region  in  time  during 
which  the  beam  steerers  are  turned  off.  When  the  beam  steerers 

•4 

are  off,  the  tracker  outputs,  E and  E , indicate  the  amount  of 

X y 

angular  fluctuation  of  the  arriving  beacon  laser.  The  angular 
fluctuations  observed  are  partly  due  to  atmospheric  steering  and 
partly  due  to  system  vibration  (AOCP  motmt,  gimballed  mirror,  etc,  ), 
The  beam  steerers  are  then  manually  turned  on  and  the  input  fluctua- 
tions are  steered  out  as  indicated  by  the  lower  amplitude  portions  of 
the  tracings  in  Figures  8-4,  8-5  and  8-6.  The  closed  loop  point  d 
precisian  at  this  point  can  be  seen  to  be  between  1.  4 and  1.  8 arc  recorde 
peak-to-peak  in  the  presence  of  severe  turbulence  which  corresponds 
to  an  rms  accuracy  of  slightly  over  1x10  ^ radian. 

Figure  8-7  shows  a correlation  of  the  received  power  fluctu- 
ations (lower  trace),  as  determined  from  the  linear  baseband 
scintillation  monitor  output,  and  the  closed-loop  pointing  accuracy 
of  the  AOCP  in  the  upper  trace. 
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Figure  8-6.  Field  Test  Data  Sample  Showing  Scintillation  Monitor 
Output  and  Pointing  Accuracy 
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9, 0 FLIGHT  OPERATIONS 

The  purpose  of  this  section  is  to  describe  the  flight  system  as 

it  Js  installed  in  the  aircraft  and  to  show  the  locations  of  the  various  equip- 
ments as  used  in  the  preflight  and  postflight  tests.  ITTG  personnel  were 
responsible  for  the  operation  of  the  AOCP  and  GCE  in  these  tests,  and 
participated  in  the  oyerall  flight  readiness  program.  The  tasks  required 
in  this  field  support  were:  a)  routine  maintenance  of  the  hardware,  including 

V 

repair  and  cleaning,  and  b)  incorporate  systen  modifications  resulting  from 
flight  operation  experience.  Examples  of  these  modifications  are  provisions 
for  aircraft  backseat  operator  to  control  the  coarse  gimbal  steering,  fine 
beam  steering  (on/off)  control,  and  remote  in-flight  boresight  adjustment. 

The  initial  AVLOC  equipment  interface  with  the  RB57  aircraft 
took  place  at  Kirtland  Air  Force  Base  in  Albuquerque,  New  Mexico. 

Figure  9-1  shows  a view  of  the  RB57  belly  in  which  the  AVLOC  equipment 
is  located.  In  this  view,  the*AOCP  support  frame  and  experiment  enclosure 
with  air-conditioning  duct  work  can  be  seen.  On  the  right  side  of  this  view, 
is  the  connector  that  houses  the  RER,  computer,  and  power  system.  Several 
non-operating  test  flights  were  conducted  from  Kirtland  AFB  to  test  the 
compatibility  of  the  system  with  the  aircraft  environment.  A number  of 
problems  were  identified  during  tliis  test' phase  - the  most  major  being  the 
temperature  control  of  the  experiment  enclosure  at  high  altitudes.  The 
temperature  control  problem  continued  to  plague  the  program  tlmoughout 

, « » • 

‘ 
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most  of  the  llight  series.  The  basic  problem  was  the  inability  to  raise  the 
enclosure  temperature  which  affected  tlie  AOCP  performance  and  caused 

considerable  moisture  condensation  throughout  the  system  upon  return  to 

/ 

the  higher  temperature,  high  humidity  ground  environment.  The  transmitter 
power  monitor  beam  splitter  was  cracked  during  an  early  checkout  flight, 
probably  because  of  extreme  temperatures.  Overall,  the  initial  checkout 
phase  went  smoothly  with  only  minor  problems  occurring  at  tlie  interface. 

The  operational  flight  series  was  flown  from  Ellington  Air  Force 
Base,  Houston,  Texas.  The  preflight  and  postflight  tests  will  be  discussed 
briefly  below.  Details  of  the  gi'ound  support  of  the  flight  tests  are  given  in 
the  AVLOC  Aircraft  Operations  Plan,  dated  June  1972. 

Preflight  and  postflight  tests  are  conducted  for  each  flight. 

The  purpose  of  these  tests  was  to  determine  the  flight  readiness  of  the 
system  and  to  perform  last  minute  calibration  and  alignment  checks,  and 
to  set  up  any  special  test  conditions  that  may  be  required.  For  these  tests, 
the  GCE  is  used  to  simulate  the  operational  ground  station.  Figure  9-2 
shows  the  GCE  in  position  beneath  the  aircraft  and  lifted  off  the  spring 
wheels  by  the  lifting  jacks  so  that  it  becomes  a stable  platform.  The  GCE 
is  capable  of  completely  exercising  and  calibrating  the  flight  system,  includ- 
ing the  coarse  acquisition  and  tracking  subsystem.  In  operating  sequence, 
the  GCE  illuminates  the  flight  system  coarse  gimbaUed  mirror  with  a 
wide  angle  scanning  beam.  The  coarse  acquisition  subsystem  TV  tracker 
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Figure  9-2.  AVLOC  Pre-Flight  Test 


detects  and  acquires  the  scanning  beacon  and  causes  the  coarse  gimbaUed 
mirror  to  dynamically  slew  to  null  the  TV  tracker  outputs.  Figure  9-3 
shows  a display  of  the  TV  tracker  output  on  a monitor  located  on  the  GGE 
control  console.  The  bright  spot  in  the  center  of  the  grey  square  is  tlie 
GCE  beacon  image.  The  TV  tracker  searches  a field -of-view  of  approxi- 
mately 5 degrees  by  7 degrees  and  upon  acquiring  the  beacon,  establishes 
tracking  gates,  (indicated  by  the  grey  rectangle)  about  the  target  thereby 
marking  the  scene  outside  of  the  tracking  gates  from  the  signal  processor. 
This  reduces  the  probability  of  track  error  produced  by  sun  glints  and  other 
bright  objects  that  migh  appear  in  the  scene  a^  .er  beacon  acquisition.  The 
TV  display  is  calibrated  and  serves  as  a measure  of  the  magnitude  of  the 
input  beam  scan  when  the  coarse  pointing  gimbal  is  deactivated. 

Following  coarse  acquisition,  the  gimballed  mirror  automatically 
pulls  the  beacon  into  the  search  field  of  the  AOCP  fine  tracker  where  fine 
acquisition  and  auto  tracking  tal^es  place.  The  track  sweep  amplitude, 
tracker  noise,  and  errors  are  recorded  for  the  closed  loop  system  at  this 
point.  Figure  9-4  shows  the  monitoring  and  recording  of  dynamic  tracking 
petformance  at  test  points  during  this  test.  The  oscilloscope  display  is 
the  cruciform  track  sweep  indicating  tracker  noise  and  positional  error  . 
magnitudes.  Figures  9-5  and  9-6  show  sample  comparative  data 
graphs  for  a rracking/pointing  dynamic  test  for  preflight  and  postflight 
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Figure  9-5.  Preflight  Closed  Loop  Pointing  Test 
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Figure  9-6.  Post  Flight  Closed  Loop  Pointing  Test 


on  night  numbe::  14.  Appendix  B of  this  report  is  a preHight  oheokllst 

and  data  summary  for  fli^t  number  14  as  an  example  of  the  type  test 

/ 

/ 

performed,  r 

In  addition  to  the  tracking  and  pointing  tests,  boresight  align- 
ment accuracy  and  modulation  index  are  also  set.  The  boresight  alignment 
procedure  is  described  in  detail  in  the  AV  LOG  Flight  Operations  Manual 
and  viill  not  be  repeated  here.  Modulation  index  is  monitored  by  the  GCE 
sensor  and  displayed  on  the  control  console  osciUoscope.  Adjustments 
in  the  modulator  operating  point  is  made  by  adjusting  the  optical  compensator 
on  the  AOCP.  This  requires  the  opening  of  the  equipment  enclosure  cover 
as  shown  in  Figure  9-7.  This  photograph  alsc  shows  clearly  the  enclosure 
window  and  coarse  mirror  locations. 
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ABSTRACT  AND  SUMMARY 

The  statistics  of  optical  propagation  between  a Ground 
Based  Acquisition  Aid  pulsed  laser  transmitter-receiver  and  a 
corner  reflector  array  on  a high  altitude • aircraft  are  analyzed 
to  determine  the  effects  of  system  performance*  It  is  shown  that 
angular  resolution/beam  spread  phenomena  are  of  no  significance 
for  this  system*  A significant  loss  is  predicted  due  to  scintil- 
lation of  the  corner  reflector  array.  It  is  shown  that  by  sepa- 
rating the  elements  of  the  array  by  about  1*5"  ni  between  corner 
reflectors,  this  loss,  which  would  approximately  double  the 
required  power,  can  be  reduced  to  the  point  where  less  than  25^ 
more  pov;er  is  required.  The  magnitude  of  atmospheric  turbulence 
induced  scintillation  is  evaluated.  It  is  found  that  without 
aperture  averaging  almost  a factor  of  4.0  power  would  be  required 
for  a 45  zenith  angle,  a 30  km  altitude  and  nominal  nighttime 
strength  of  turbulence.  With  aperture  averaging,  this  factor  of 
4*0  reduces  to  1.6  if  the  compact  corner  reflector  array  is  con- 
sidered, and  only  1.35  if  the  dispersed  array  is  used.  For  day- 
time conditions,  with  its  stronger  normal  turbulence,  the  factor 
of  1.35  increases  to  1.75.  This,  together  with  the  factor  of 
1*25  for  scintillation  of  the  dispersed  array,  just  pushes  the 
combined  loss  to  2.2.  Since  this  corresponds  to  a rather  extreme 
condition,  a design  factor  of  2.0  will  probably  yield  acceptable 
performance.  It  does,  however,  use  up  some  of  the  design  con- 
servatism contained  in  the  rest  of  the  design. 


1.  INTRODUCTION  . 

As  wart  of  a much  larger  program  under  ^ 

NASS  20629  wo  are  concerned  v/ith  the  performance  o ^ ~ j 
KAbo--^uo4v»  V which  v;ill  function  as  a ground  , 
Based  Acquisition  whicn  v/iix 

S?*%xsia  S'-.ss  sss*-:  ss-ar^gr 

are^no  propaption'  losses  other  than^sim^le^attjnuatio^^^^^^^ 

of  th^  pape?  to  more  accurately  evalupe  the  propagation  loss.  , 
factors  other  than  the  simple  attenuation. 


OB’ 


2.  EQUIPMEMT  DESCRIPTIOIJ 


For  the  purposes  of  this  analysis,  the  critical  ® 

features  of  the  equipment  are  the  follolving.  The  GBAA  utilizes 
a pulsed  ionized  Argon  laser  operating  at  0.5145  microns.  The 
jpulses  have  a duration  of  1.5  x 10”5  seconds.  The  laser  beam 
is  transmitted  with  a beam  spread  half-angle  1.74  x 10”*^  radians. 

The  target  aircraft  will  be  flying  at  an  altitude  of  between  104. 

and  3 x 10^  meters.  It  carries,  on  its  underside,  an  array  of  : ^ 

6 (3*')  0.075 _ m aperture  corner  reflectors.  The  corner  reflectors 

.are  nearly  diffraction-limited  with  a half-angle  return  beam 

spread  of  10~>  radians  inherent  in  each  of  the  units.  The  re-  | 

ceiver  is. in  immediate  proximity  to  the  transmitter.  ’ It  has  as  I 

(3*')  0.075  m diameter  aperture  and  a f ield-of-view  half-angle  of  ^ 

g.7  X 10~^  radians.  . 

^ The  desim  objectives  for  the  GBAA  are  a false  alarm 
probability  of  lO'^  per  pulse  and  a target  detection  probability,  * 

v/hen  the  target  is  in  the  GBAA  f ield-of-view,  of  0.9,  for  a 
single  laser  pulse.  4 


fi 
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3.  TYPES  OF  LOSS  FACTORS 


V/e  are  concerned  with  three  distinct  mechanisms  by 
which  propagation  loss  factors  could  be  generated.  The  ^i^st  of 
these  has  to  do  with  angular  resolution  and  beam  spread.  The 
second  derives  from  the  variability  of  the  effective  cross-section 
of  the  cornel*  reflector  array.  The  third  loss  factor  originates 
in  atmospheric  turbulence  induced  scintillation  on  both  the  up 
link  and  the  down  link.  ' • 

ANGULAR  RESOLUTIOH/BSAM  SPREAD  — Angular  resolution  and 
beam  spread  are  opposite  sides  of  the  same  coin,  deriving  from  the 
same  mechanism  and  having  the  same  value  over  equivalent  paths,  as 
is  shown  in  reference  (1)«  If  the  atmospheric  turbulence  induced 
beam  spread  is  greater  than  the  designed  transmitter  beam  spread, 
the  transmitted  beam  will  have  a larger  spread  than  intended  and 
less  of  the  laser  radiation  will  reach  the  target.  On  the  return 
path,  if  atmospheric  turbulence  makes  the  image  of  the  received 
signal  appear  to  be  blurred  to  a size  greater  than  the  receiver 
f ield-of-view,  then  not  all  of  the  radiation  collected  will  pass 
through  the  field-stop  and  be  detected.  This  too  will  result  in 
a loss  factor. 


V/e  shall  see  in  subsequent  analysis,  for  the  GBAA  as 
•resently  contemplated,  neither  aspect  of  effect^ of  angular  reso— 
,ution/beam  spread  will  introduce  any  loss  factor  worth  noting. 


CORNER  REFLECTOR  ARRAY  SCINTILLATION  — The  Variability 
of  the  corner  reflector  array  cross-section  is  due  to  the  fact 
that  from  different  aspect  angles  the  various  corner  reflectors 
in  the  array  will  send  out  return  beams  which  will  interfere  with 
each  other  differently  — for  each  aspect,  the  interference  pattern 
being  different.  The  existence  of  this  variable  interference  pat- 
tern is  due  to  the  fact  that  when  the  array  is  assembled,  phase/ 
position  coherence  between  the  corner  reflectors  is  not  obtained. 
The  net  effect  is  that  examined  at  one  time,  the  array  may  manifest 
a larger  than  normal  cross-section,  due  to  a favorable  set  of 
interferences,  and  return  an  extra  strong  signal.  Examined  at 
another  time,  with  a slightly  different  viewing  geometry,  an  un- 
favorable pattern  of  interferences  can  yield  a very  weak  return. 

In  fact,  even  a zero  strength  return  is  possible.  Observed  on  a 
continuous  basis  with  slowly  changing _ vievang  geometry,  the  cross- 
section  of  the  array  appears  to  scintillate.  Considered  from  the 
point  of  view  of  a single  sample  (one  pulse),  we  find  that  we  can 
no  longer  count  on  some  nominal  return  signal  strength,  as  cal- 
culated from  the  average  cross-section  of  the  array.  Instead,  v/e, 
must  make  allowance  for  the  possibility  that  when  we  take  the 
sample,  the  cross-section  will  be  below  average  value.  To  counter- 
act this,  we  have  to  send  out  more  laser  pov/er  in  each  pulse  than 
the  nominal  case  would  seem  to  require,' in  order  to  maintain  the 
desired  detection  probability.  This  increase  in  required  trans- 
mitter pov/er  corresponds  to  a loss  factor  associated  v/ith  scintil- 
lation of  the  cross-section  of  the  corner  reflector  array. 
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In  the  analysis  to  follow,  we  shall  present  the 
statistics  of  this  fluctuation  and  show  that  the  scintillation 
can  have  a very  substantial  effect.  V/e  shall  then  show  how,  by 
changing  the  array  from  the  initially  contemplated  compact  pattern 
to  a fairly  widely  spaced  configuration,  the  effect  of  array  scin- 
tillation  can  be  suppressed  for  the  GBAA, 

TURBULENCE  SCINTILLATION  — It  is  v/ell_ known  that  atmos- 
pheric turbulence  will  introduce  intensity  variations  into  a laser 
beam  so  that  what  otherwise  would  appear  to  be  a uniform  intensity 
beam  v/ould  be  caused  to  become  non-uniform  and  fluctuate  at  a rate 
of  several  to  several  tens  of  hertz.  This  manifests  itself  as 
scintillation.  Scintillation  is  introduced  on  both  the  up-link, 
as  a result  of  which  the  total  amount  of  laser  energy  reaching 
the  corner  reflector  array  v;ill  vary,  and  on  the  down-link,  as  a 
result  of  which  the  fraction  of  the  energy  retrodirected  by  the  . 
array  that  reaches  a point  on  the  ground  will  vary  — - quite 
dependently  of  the  corner  reflector  array  scintillation  referred 
to  before.  The  atmospherically  induced  scintillation  on  both  the 
up—  and  down-links  has  the  same  general’  effect  as  corner  reflector 
array  scintillation,  as  far  as  a loss  factor  is  concerned.  Be- 
cause the  more  than  average  strength  signal  you  get  back  sometimes 
isn't  noticeably  more  useful  than  a just-aboye-threshold  amount, 
while  a less  than  average  strength  signal  which  we  may  receive,  is 
quite  useless  if  it  is  below  threshold,  then  to  insure  a useful 
signal  at  nearly  all  times,  the  average  signal  return  has  to  be 
significantly  above  the  threshold  level.  This  extra  power  re- 
quirement, which  is  more  than  conventional  photoelectric  noise 
would  require,  corresponds  to  a propagation  loss  factor. 

In  subsequent  detailed  analysis,  we  shall  see  that 
although  the  basic  atmospheric  scintillation  phenomena  would 
seem  capable  of  introducing'  a substantial  loss  factor  in  the 
GBAA,  in  fact  there  will  be  enough  scintillation  averaging  due 
to  extended  aperture  size  so  that  the  loss  factor  will  be  tolerably 
small. 


-• 


4.  ANGULAR  RSSOLUTION/BEAxM  SPREAD 

To  evaluate  the  effects  of  angular  resolution  and 
■beam  spread  cn  the  loss  factor,  we  shall  make  the  simplifying 
assumption  that  the  target  aircraft  is  well  above  the  atmosphere, 
sufficiently  so  that  it  is  valid  to  use  angular  resolution  data 
associated  with  stellar  observation.  Our  justification  for  making 
this  assumption  is  that  on  the  one  hand,  the  angular  resolution 
for  an  object  well  out  of  the  atmosphere  will  be  poorer  than  for 
the  object  at  a lower  altitude,  while  on  the  other  hand  we  shall 
see  that  even  with  this  pessimistic  estimate  of  atmospheric  limits 
on  resolution,  the  effect  on  transmitter  or  receiver  performance 
will  be  negligible. 

In  order  to  see  that  placing  the  object  well  above  the 
atmosphere  instead  of  just  above  or  well  inside  the  atmosphere 
will  yield  smaller  atmospheric  turbulence  induced  beam  spread, 
we  consider  the  expression  ' ^ 


se  . (-(TT)  */br.  ^ (1) 

where  SO  is  a measure  of  the  ‘beam  spread,  fe  is  the  optical 
wave-number  (i.e.,  ZTT/pw  ),  and  r^  is  a measure  of  the  coherence 
■ distance  for  an  optical  v/avefront  after  propagation  over  the  path 
in  question.  The  value  of  r is  giveri  by  the  expression 


r.  = 1.675  [ fjl-  C * Ch)  J _ (2) 

0 


Here,  ^ is  the  zenith  angle  of  the  line-of-sight  between  the 
GBAA  and  the  target  object,  2.  is  the  altitude  of  the  target 
object,  and  Cjj  (h)  is  a quantity  called  the  refractive-index 
structure  constant,  v;hich  measures  the’ optical  strength  of  tur-  ^ 
bulence  at  an  altitude  h . A graph  giving  average  values  of 
taken  from  reference  (2),  is  presented  in  Fig.  1. 

The  point  that  we  want  to  make  is  that  obviously  the 
larger  the  value  of  the  integral  in  Eq.  (2),  the  smaller  r^  v/ill 
be  and  the  larger  SO  will  be.  By  considering  the  target  altitude 
to  be. at  an  infinite  altitude,  instead  of  at  the  finite  altitude 
2 , we  are  making  the  value  of  the  integral  lai'ger  and  so 
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makinp  our  estimate  of  (slightly)  more  pessimistic  th^ 

necessary.  (A.  quick  examination  of  Fig.  1 indicates  that  the 
orincipal  part  of  the  value  of  the  integral  is  contributed  y 
values  of  h in  the  vicinity  of  1 km,  and  that  we  are  not  add- 
ing very  much  to  the  value  of  the  integral  by 

upper  limit  from  30  km  to  infinity,  or  even  © 

finity.  Obviously,  the  degree  of  pessimism  in  the  value 
we  v^ill  come  up  v/ith  is  not  very  significant.)  . 

In  order  to  evaluate  S®  , we  could  use  Eq.  *s  (1) 
and  (2)  and  the  data  of  Fig.  1.  However,  now  that  we  are  con- 
sidering the  integral  with  its  limit  at  inf ;Lnity , we  c^  get 
equivalent  results,  by  using  astronomical 

to  give  us  80  . Good  quantitative  data  has  been  obtained 

by  Hoag^  and  by  Minel^,  vjho  measured  the  angular  width  of  a 
pair  of  slits  required  to  pass  of  the  available  energy^ 
a star’s  ima^e.  In  Fig.  2,  we  show  a cumulative  probability 
distribution“for  Hoag’s  results.  Ninel’s  results  are  in  sub- 
stantial agreement.  (The  fact  that  the  distribution  is  log- 
normal  is  interesting,  but  of  no  particular  concern  to  us  here. ) 
The  median  value,  at  50f.,  of  about  1.6  arc  seconds  is  in  fair 
agreement  with  results  calculated  from  Fig.  1.  We,  however, 
shall  concern  ourselves  with  the  995b  value  of  about  4. 0 arc 
seconds,  v/ith  the  assurance  that  almost  neyer  will  the  seeing 
be  worse  than  this.  Assuming  a gaussian _ shape  for  the  atmos- 
pherically spread  image  spot,  the  slit  width  for  6^%  trans- 
mission corresponds  to  plus  and  minus  one  standard  deviation. 
Since  the  data  of  Fig.  2 is  for  near  zenith,  to  ^°^g^5th 

worst  case  situation  in  which  the  line-of-sight  has  a 45  zenith 
angle,  in  accordance  withcFq.^s  (1)  and  (2),  we  introduce  a 
factor  of  Csec  (45°)  ^23-  This  gives  us,  as  a very 

conservative  upper  (pessimistic)  bouna  on  8Q  (the  2-standar 
deviation  width  of  the  atmospheric  blur).  4.9  arc  seconds,  i.e., 
24  X 10“°  radians . 


The  effect  of  this  spread  on  the  shape  of  the  trans- 
mitted beam  shape  will  be  to  smear  out  the  edges  of  what  other- 
wise would  be  a perfectly  sharply  defined  beam.  Nominally,  if 
the  target  is  anyv/here  in  the  1.74  x IG  radian^  half— angle  cone , 
it  will  receive  full  illumination.  Because  of  the  smear  induced 
by  turbulence,  this  half— angle  should  be  reduced  to  about 
1.72  X 10“^  radians  for  assurance  that  the  farget  receives  nearly 
full  illumination.  This  is  a sufficiently  small  correction  that 
it  can  be  ignored. 


Similarly,  in  considering  the’  receiver  half-angle 
field-of-view  of  6.7  x 10“^  radians,  it  is  only  if  the  image 
gets  within  tv/o  standard  deviations  of  the  edge  of  the  nominal 
field-of-view  that  there  will  be  as  much  as  a few  percent  loss _ 
in  received  signal  due  to  spill-over.  This  reduces  the  effective 
receiver  field— of— view  to  a half— angle  of  about  6.5  x 10  radians 
v/hich  is  obviously  a negligible  correction. 
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these  slightly  reduced  fields-of-view  the 
intensity  of  the  transmitted  beam  and  the  efficiencv  nf 
receiver  may  be  considered  to  be  unchengld  by  thfeL^L^ 
of  atmospheric  turbulence  induced  blur,  There^il  then^nJI 
factor  correction  required  for  this  effect,  ^ ^ 
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5.  CORKER  REFLECTOR  ARRAY  SCINTILLATION 

^ When  the  corner  reflector  array  is  assembled,  it  is 
impossible  to  position  the  corner  reflectors  so  that  they  have 
any  common  reference  surface.  As  a consequence,  the  path  length 
to  any  corner  reflector  will  differ  from  the  path  length  to  any 
other  corner  reflector  by  some  amount.  The  length  will  be  small,, 
i.e.,  probably  less  than  a millimeter,  but  many  wavelengths.  This 
means  that  the  return  from  the  elements  in  the  array  will  have  a 
random  phase  relation  to  each  other.  As  a consequence,  the  return 
signal  will  be  of  random  amplitude  due  to  the  x'andom  nature  of  the 
interference  between  the  returns.  If  there  are  N elements  in  the 
array  each  produces  a return  of  unit  amplitude  with  a random 
phase  <J>|  { X — 1,2,*..,N),  then  the  observed  wave  will  be 


N , ‘ j'  '« 

Wi  * 21  p ^ ‘ , (1)  ' 


and  the  intensity  will  be 


N N 


X ■>  T u.*  u.  . i ^ ctflU  A-  # 


The  average  intensity  will  be 


(2) 


Jt'-/ 


(3) 


Since  <^exp[.i  { 4.^-  4.^,  )]  •)  » q , unless  , i.e.,, 

unless  , (because  the  random  phase  (and  ) is 

distributed  more  or  less  uniformly  over  27T  ),  it  follows  that 
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This  is  just  the  average  we  would  expect  from  a simplistic 
energy  calculation  and  is  what  was  considered  in  earlier  signal- 
to-noise  ratio  calculations  for  detection*  However,  this  average 
value  is  not  the  value  we  expect  to  observe  at  any  instant.  The 
instantaneous  iiitensity  will  fluctuate  due  to  the  changing  values 
of  the  ♦ **  The  normalized  variance  of  the  intensity  will  be 


fl.* . <^*>  - <^>" . <i*>  , 

* <*>*  (5) 


and 


<i’>  = -5  £ £ r z < f * V ■ 

l^t  ^ 


(6) 


The  average  of  the  exponential  will  vanish  unless  either  JL* s Ji 
and  or  jl*  ^ Ji  but  and  jl"*  9 . Thus 


<r’> 


N / 

A/ 

iZ  ( 

z 

-z 

je**/ 

Jt'M, 

N 

z:  ( 

/V  + 

A** 


(7) 


«The  Tnterrela^i^nship  of  the  vdil  change  as  the  angle  b a t v/e en 

the  line  of  sight  to  the  array  and  the  nominal  surface  normal  of 
the  array  change.  For  the  kinds  of  geometries  and  aircraft  speeds 
we  are  considering,  this  change  will  be  very  rapid. 


o 


Combining  this  with  Eq*  (5)i  we  get 


crJ-  / ’ -h  • 


/ 


(6) 


A/ 


. -hVion  thpre  is  nearly  1005$  modulation  associated  with 

ref?ectof Irray  sSntiXlation.  Thia  raises  a serious 

?rfo?nfr1efieftor^rrrrtt^rfan/^ 

nominal  average  and  the  target  may  be  missed. 


To 

scintillation 
target  detect 
note  that  the 
yields  a mean 
to  a Rayleigh 
The  Rayleigh 
amplitude)  is 


calculate  exactly  how  serious  the 
va?l  be  on  target  detection,  we  shall  calculate 
ion  probabilities  given  this  scintillation.  ;/e 
sum  of  a large  number  of  random  phase  components 
square  (intensity)  which  is  distributed  according 
distribution.  (In  this  regard,  see  hiddleton  .) 
probability  density  (for  intensity  rather  than 


P. 


j.  s e.pf.x/i)  Jl/i  , 0«X<oo.  (9) 


c o 

The  mean  value  of  I is 


X < o 


o 


o 


<JI  * ^ 


(10) 


a- 


and  the  second  moment  is 


<i*>  = f I*  p,., ^ ^ 

O 


= 2 


(11) 
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This  yields  a normalised  variance  of 


m " ^ 

R*.r  ' V 


* 


J 


which,  when  compared  vdth  the  results  in  Eq.  (S),  indicate  that 
even  with  as.  few  as  eight  corner  reflectors  in  the  array,  the 
central  limit  theorem  required  to  develop  the  Rayleigh  distri- 
bution is  quite  accurate,  yielding  no  more  than  a.12,5/^  error  in 
the  variance. 

With  the 'Rayleigh  distribution  in  hand,  we  are  in  a 
position  to  calculate  the  target  detection  probability,  consider- 
ing the  signal-to-noise  ratio  aspects  of  the  problem.  Although 
we  shall  be  interested  in  the  area  under  the  tail  of  the  gaussian 
distribution, 


eo 

§ (x)  z (zn)^‘  X «xp  (■-  S X*  ) Jx 

' X 
— X 

S (zT!)  ^ e * P f*  X ^ ^ 

— r» 


(13) 


we  shall  make  use  of  the  error-funetion 


1 


(x>  * ( **/jr  ) j*  f*  ><*  ) d X ^ 


(14) 


in  our^calculations,  V/e  note  that  according  to  Abramowitz  and 
Stegun®, 
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(X5) 
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and  that  to  a very  good  appr oxidation  (error  ^ 1.5  x 

for  X o 


mat 


(16) 


where 


t 


-/ 


(17) 


and 


P - .3275911,  aj^  = .254^29592,  a2  =-.264496736, 

a3  = 1.421413741,  a^  =-1.453152027,  a^  = I.O61405429.  (16) 


Since 


6-x)  = - Cx)  j 


(19) 


to^write  * ® approximation  (error  ^ 1.5  x lO"*^) 


Crf(x)s  -I  + Cxp/-x^)  ^ o.^  ^ 

m*# 


(16») 


where 


tu  s 0-  P^) 


-/ 


(17M 


and  the  values  cf  p,  a3_,  a2,  . . a^  are  as  given  in-Eq.  (I6). 


In  order  to  achieve  a false  alarm  probability  of 
XO-5  per  pSs^‘,  the^detection^threshold  -n^^-^to  be  set  at 

about.  TT  »*.  » 4-hp  «ii(yna!L  return  is  I > then  the 

Porabflitr^a-irtrAoife  thHarset  wh^n  there  is 

a return  is  / 


r<r_-r 


f Czfra-^)  *«></»('- xVa  <r^*)  c/  x 


§( 


’Tou-j: 


(20) 


To  achieve  a 90f.  detection  PTo’^abilit^,  we  require  that 
/ -r  W <r,t  =-1.2^,  since  P - \j,±,  iiij-o 

L^ns  that  if  I = 5.54  o-H  , we  will  have  our  90Jo  detection 

probability  • 

„«=««  “T’S’iSKS".  ;u;: 

“S;" siS”ES";pSu srrs' 

probability,  given  that  I follows  a Rayleigh  distribution 
with*  mean  value  I , is 


At  = 


«•<»« 


(21) 


Substituting  in  Eq.  (15).  we  get 


At 


fd(ys)  e»/>(-Vz) 
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V/e  note'  that  in  the  first  integral,  i.e,,  the  one  whose  bounds 

argument  of  the  error  function  is  negative, 
error  function  by  its  approximation 
in  hq.  vlo  j.  For  the  second  integral,  where  the  argument  of 
the  error  function  is^positive,  we  use  Eq.  (16),  V/e  get 


x»rtr^ 
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where 


Ui« 


(24') 


and 


(24) 


Vie  note  that 


fdC^/x)  «xp('-Vx)  - - 

'x»r<r^ 


r.r<r. 


M I 


= «»r 


(25) 


To  evaluate  the  two  integrals  in  Eq.  (23)  insi(de  the  curly 

f”  rX“"ro“ 

brackets, -v/e  note  that  the  dependence  cn  exp  - i 2L 

L z J 

ii  dominant*  To  a good  approximation»  e)cp{-'^/x.)  oan  be  considered  to 
be  constant  with  the  value  • If  we  wrlte» 


-/ 


(26) 


then  we  see  that 
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IE-.'^:'  -fdcx/3,) 


Xorcr^ 


*//>  ^ '■‘^/rj  cx/’P  ) 
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(27) 


Because  we  will  consider  only  values  for  I for  which 

gjjp  r (^SJLfhJ  1 « 1,  for  I < 0 , we  can  extend  the  lower 

limit  of  the  first  integral  from  0 to  - oo  '.  Doing  this,  it 
is  now  apparent  that  since  the  two  integrands  are  identical  and 
symmetric  about  I = T <r^  , the  two  integrals  cancel,  and 


# 


(28) 


This  is  a very  discouraging  result,  since  it  says  that  to 
achieve  a 90^3  detection  probability,  v;e  require  that 
exp(-T  jl)  - .1  , which  means  that  v/e  v/ould  require  that 
I *=  2.30  T <y»  « 9.81  • If  our  approximation  in  evaluating 

, had  considered  the  variation  in  exp(-I/I)  instead  of  hold- 
ing it  constant,  the  two  integrals  would  not  have  exactly  can- 
celled and  there  vjrould  have  been  an  additional  term  in  the  answer 
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which  would  require  about  another  0.1  in  the  value  o£  1 , 

rivLg  a required  value  of  I « 9.9  cJ„  . Compared  v/ith  the  value 
Of  5.54  that  we  would  need  if  there  were  no  corner  reflector 
array  scintillation,  we  see  that  there  is  a lo^s  factor  of  1. 79:1. 
This  uses  up  almost  all  of  the  allowed  design  factor  of  2:1  in- 
tended for  turbulence  losses,  without  leaving  anything  for  the 
turbulence  effects  themselves. 

To  avoid  the  effects  of  this  corner  reflector  avvay 
scintillation,  we  can  modify  the  design  of  the  array  from  the  ^ 
compact  pattern  originally  intended  to  an  extended  pattern  with 
wide  spacing  betv/een  the  elements.  This  will  result  in  a 
fine  grained  corner  reflector  array  scintillation  pattern  at  the 
GBAA  collector,  and  in  a reasonable  amount  of  averaging.  In  fact, 
since  the  interference  pattern  between  any  tv;o  corner  reflectors 
Will  vary  sinusoidally,  by  making  the  aperture  diameter  several 
times  the  sinusoidal  period,  the  averaging  will  be  certain  rather 
than  statistical.  If  the  diameter  to  sinusoidal  period  ratio  is 
p then  the  variance  v;ill  be  dovm  by  p . The  fact  that 
there  will  be  many  interfering  pairs  of  corner  reflectors  will 
the  pattern,  but  will  not  affect  the  averaging. 


To  compute  P , we  need  to  know  the  period  of  the 
interference  pattern.  In  Fig.  3»  we  show  a,  very  simplified  (and 
distorted  scale)  version  of  the  geometry  associated  with  the  gen- 
'eration  of  the  interference  pattern.  We  consider,  the  two  corner 
reflectors  denoted  CRn  and  CR^  located  at  position  y^  and  y2 
in  the  nominal  plane  of  the  corner  reflector  array,  v;irh  position- 
ing errors  and  normal  to  the  plane.  The  corner  reflec- 

tors are  located  a height  H above  the  GBAA,  whose  collector 
aperture  plane  contains  the  measurement  points  at  X2_  and  x^* 

The  line  of  sight  between  the  GBAA  and  the  array  makes  an  angle 
p with  the  normal  to  the  nominal  plane  of  the  array,  (in  our 

* I’he  missing  term  in  the  r.h.s.  of  Eq.  • (28)  is  approximately 


Since 


C*a) 


Since  ) «.  Q.l,  the  correction  is  about  1%  in 

also  about  1%  in  I. 


(«3) 

Ph  and  so 
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analysis  I we  shall  use  and  to  denote  not  only  the 

geometric  positioning  error  of  the  corner  reflector,  but  also 
a path  length  correction  from  the  laser  illuminator  to  the 
corner  reflector,  rather  than  to  the  center  of  the  array.  This, 
then,  permits  us  to  treat  the  corner  reflectors,  as  sources  with 
the  A/x  treated  as  the  phasing  of  the  source.)  The  path 
length  between  and  y . is 


^ [(Msecs*  y.  sA.  S)\  ( y. 


1 

C04  8)  7 


HstcO 





H »*c 


1 ^ j.  yj  co4*8 

2 Z 


- iliilLfil® 

H ate  0 ' (29) 


the  return  from  the  two 

corner  reflectors,  observed  at  is 


= 2-rr 

and  at  X2>  it  is 


(30a) 


2TT 


■ A 


(30b) 


A4»^-  ^ ♦x,/. 


(3>  ) 
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The  pericxl  of  the  sinusoidal  interference  pattern  will  be  the 
value  of  (xi  - X2)  for  which  a A * 2tt  . This  occurs 
when  (xi  - X2)  equals  ^ 


A 


H X 


/ 


cos  6 


Under  worst  case  conditions,  H = 3 x lo'f  m and  6 = 450. 

_ “ 5.14>>  X 10“^  m,  we  see  that  the  period,-/!  is  always 

less  than- or  equal  to  3.O  x 10-2/(72  “ yi)-met4rs.  If  wrchoose 
? separation' between  corner  reflectors,  then  the  period  of 
the  interference  pattern  will  be  2 cm  or  less.  With  a 7.6  cm 
diameter  collector  for  the  GBAA,  we  get  P = 3.8  and  a scin- 
tillation  vari^ce  reduction  of  about  16.^  The  important  ‘ 

is  that  fades  in  intensity  that  are  deeper  than  about  25'^  of 

av-a|Ll  i1  --- 


^ * 


ince  there  are 
N2  - N pairs 
reduction  cf  the 


many  in t e r f er e n c e patterns,  (one  for  each  Q7"i-bc.' 

of  corner  reflectors),  we  would  expeo?  a fSrtSr 
variance  by  not  just  16,  but  16(n2  - N)! 


6 


TnRT^IIT.F,KCE  SCINTILLATION 


Just  as  scintillation  of  the  corner  reflector  array 
could  cause  the  target  to  be  missed  because  ai  the  instant 
when  a strong  return  ought  to  have  been  observed,  it  was  ^ 
scintillation  fade  condition,  likewise  ' 

atmospheric  turbulence  can  cause  a target  to  be  missed, 
can  result  in  an  increase  in  the  required  transmitter  pov/er  to 
assure  target  detection*  This  increase  in  the  power  requirement 
corresponds  to  a propagation  loss  factor.  To  determine 
nitude^of  this  loss  factor,  we  note  that  the  statistics 
scintillation  \-all  be  log-normal  and  that  loss  factor  has  been 
calculated  in  reference  l7).  It  should  be  noted  that  the  fact 
that  the  statistics  are  log-normal  is  a consequence  not  onl/  oi 
the  log-normal  nature  of  the  basic  propagation  process,  as 
pointed'  out  by  Tatarski°,  but  also  depends  on  Kitchell  s result 
that  the  sura  of  log-normals  is  log-normal*  V/e  require  this  xas-.- 
fact  since  there  is  a substantial  amount  of ^aperture  averaging, 
i.e*,  summation  in  making  up  the  received  signal* 


Our  first  task  is  to  evaluate  the  log-amplitude  vari- 
ances. for  the  up-link  and  for  the  down-link*  It  can  be 
shown’ 0 that  for  a point  source,  such  as  we  can  consider  either 
the  GBAA  transmitter  or  the  individual  corner  reflectors  to  be, 


s * 


o 


(1) 


Here  2^  is  the  length  of  the  propagation  path,  s is  position 
along  the  path,  and  CH(s)  is  the  refractive-index  structure 
constant  at  s • The  first  important  thing  to  note  abgut  Eq*  (1) 
is  that  v/hen  we  consider  the  altitude  dependence  of  Cj^  , 
shown  in  Fig*  1,  and  match  it  to  the  behavior  of  » 

we  see  that  the  value  of  the  integral  is  almost  independent  of 
* for  values  of  .2  « 30  km,  and  is  apparently  only _ slightly 

dependent  on  Z for  values  between  10  km  and  30  km*  This  means 
that  we  can  consider  the  value  of  <5^*  for  2 approaching 
infinity*  This  justifies  our  intended  use  of  measured  stellar 
scintillation  values. 

The  second  important  thing  to  note  about  Eq*  (1)  is 
that  because  of  the  symmetry  of  s 7 ^ we  get  the 

same  result  whether  we  take  the  ground  level  to  correspond  to 
3 = 0 or  to  s = 2 • This  means  that  is  the  same  for 

the  up-link  and  the  dovm-link*  A good  measured  value  for 
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is  provided  by  Burke^^,  who  obtained  a value  of y0*0511  at  0,55 
microns,  measured  near  the  zenith.  Using  a k / correction  -or 
wavelength  and  noting  the  ssc-^'^/^O  dependence  on  zenith  angle  , 
we  gtit  as  the  nominal  value  we  shall  use 


y 


cr^  o.  OSS*/  sec  e. 


(2) 


•> 


If  this  vfere  the  scintillation  on  a one-way  path- .then  in  the 
round  trip  we  would  expect  a value  of  0.110^  sec  / © • Referring 
to  the  results' of  reference  (7)i  even  at  the  zenith  we  would  ex- 
perience a loss  factor  of  about  S dB,  or  a laser  power  require- 
ment increase  of  2.5,  while  at  © = 45,  the  log-amplitude  variance 
would  be  0.209  and  the  loss  factor  would  be  about  12  dB,  or  a 
laser  pov;er  factor  of  4.0,  certainly  more  than  v;as  allowed  for. 

Fortunately,  these  calculated  scintillation  values  do 
not  apply  because  of  averaging.  First,  the  total  amount  of  energy 
collected  by  the  corner  reflector  array  represents  an  average. 
According  to  whether  we  consider  a compact  array,  or  a widely 
spaced  array  as  shovm  in  Fig.  4,  we  may  expect  different  averag- 
ing factors.  For  the  30  km  altitude  at  the  45^^  zenith  angle, 
which  constitutes  the  worst  case,  the  scintillation  correlation 
distance  for  illumination  on  the  array  is  (4  2/k)2  ct  12  cm. 

If  we  are  dealing  with  the  compact  array,  then  from  the  results 
of  reference  (.12),  considering  that  the  pattern  of  ^ corner  reflec- 
tors, each  about  7*5  cm  in  diameter,  will  have  a diameter  of  about 
22.5  cm,  we  see  that  the  averaging  factor  will  be 


ctt^c 


s O.  /3 


(3) 


while  if  the  array  is  dispersed,  we  get  a factor  of  0.60  for  the  .• 
individual  corner  reflector,  and  factor  of  0.125  for  the  eight 
separate  units.  This  gives  an  aperture  averaging  factor  of 


' (0,C0)CO.f2S)^  O.OTS'  . 


(3M 
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The  loE-amplitude  variance  after  averaging  can  be  written  as 


/ 

/ 

^ -If  In{ /-h  -/j] , 


According  to  whether  or  not  the  array  cO? 

for  the  worst  case  up-link  (i«e*i  z — 30  tcRi,  b 4?  /» 


c 


o.Oi/as  , 


- O.OZ3*i 


On  the  dovrti— link,  to  deterniine  the  aperture  averaging 
factor,  we  have  to  consider  two  separate  factors.  ^ The  first  has 
to  do  v;ith  the  angular  range  over  which  scintillation  from  sepa- 
rate sources  may  be  considered  to  be  coherent.  The  coi^’relation 
angle  has,  been  found  in  reference  (13)  bo  be  (4/  2 k)2  , which 
in  terms  of  the  source  plane  corresponds^to  tne  up-link  scintil- 
lation correlation  distance  z(4/  z k)^  - (4z_  /k)  . This 

suggests  that  we  can  use  the  same  aperture  averaging  factors  on 
the  down— link  to  account  for  the  extended  nature  of  the  source. 


There  is  also  aperture  averaging  for  the  GBAA  collector 
optics  which  is  7.5  cm  in  diameter.  The  correlation  length  for 
scintillation  on  the  ground  is  ( 4 h^  sec  O/k  )2,  ^o 

corresponds  to  the  nominal  scale  height  of  turbulence  and  is 
about  3 X 103  m.  Taking  9 = 45°,  we  get  for  the  correlation 

distance,  3.7  cm.  The  aperture  averaging  factor  is  found  to  be 


sr  O.Z^ 
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for  the  ground  receiver.  Combining  this  with  the  results  in 
Eq.’s  (3)  or  (3M»  we  get  for  the  down-link  in  the  case  of 
compact  or  dispersed  corner  reflectors 


= 0,0 /oz 

X e4«c  > 


We  get  for  the  total  up-link  plus  down-link  scintillation 


' O.OSZ7  ^ 


This  gives  rise  to  loss  factors  of 


' V.o  .fe  S /.ie  ^ 


S 2.  6 </ B s /.JS" 


These  are  equivalent  to  requirements  for  additional  laser  power 
of  60%  or  35%,  depending  on  the  corner  reflector  array  pattern. 


7.  CONCLUSIONS 

If  we  plan  to  use  the  compact  array,  the  array  scin- 
tillation requirement  is  for  almost  an  additional  100/.  more  ^ 

oower.  meaning  a total  power  increase  of  nearly  (1  + ^ 

Le.,  an  additional  220%.  If  we  utilize  the  dispersed  array  Pattern 
then  the  array  scintillation  will  require  no  more  than  about  25/o 
additional  laser  oower,  for  a total  additional  laser  power  require- 
ment of  about  70%\  This  falls  well  within  the  factor 
ance  made  in  the  preliminary  systems  ^alysis.  It  worth  noting 
that  estimates  for  daytime  strength  of  turbulence,  compared  to 
nighttime  data  which  we  have  used  may  run  a factor  of  two  higher, 
which  will  result  in  almost  a 5 dB  loss,  corresponding  to  a re- 
quired 75%  increase  in  required  power  for  the  dispersed  corner 
reflector  array.  This,  with  the  array  scintillation  requirement 
of  about  25%t  starts  to  push  things  just  to  the  values  which  we 
have  allowed  for.  If  this  is  coupled  with  a further  factor  of  two 
increase  in  the  strength  of  turbulence  for  what  is  referred  to  in 
reference  (2)  as  the  worst  10^  conditions,  we  have _ a 7.5  dc  ioss 
factor,  or  about  a 2.4  increase  required,  so  that  it  is  apparent 
that  even  v;ith  the  dispersed  array,  v;e  have  not  alloived  a suiii- 
cient  safety  factor  in  laser  power. 


We  conclude  that  (1)  a dispersed  corner  reflector  array 
pattern  of  the  type  shown  in  Fig.  4 is  required  in  place  of  a 
compact  array;  and  (2)  the  factor  of  0.5  allowance  for  propaga- 
tion effects  other  than  absorption  is  apparently  adequate  for  all 
except  the  most  extreme  case,  corresponding  to  30  km  altitude,  k5 
zenith  angle  and  worst  10^  strength  of  turbulence  for  daytime 
conditions. 
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APPENDIX  C 


SECTION  I:  INTRODUCTION 


This  report  summarizes  the  results  of  an  experimental  study  of  the  _ 
angular  and  translational  beam  motion  whir.h  occurs  in  the  Bn  . 

2000  laser,  relative  to  the  laser  housing,  when  the  laser  is  P 

an, attitude  similar  to  the  extremes  which  are  encountered  in  the  NASA 

GBAA  System.  , 

This  report  contains  a proposal  for  a program  to  design  and  construct 
a laser  mirror  cavity  structure  which  will  not  be  subject  to  any  ap-  . 
preciable  beam  motion  or  cause  any  appreciable  power  ou^tput  variation 
as  a result  of  any  particular  orientation  of  the  laser,  such  as  is  en- 
countered  in  the  NASA  GBAA  System.  The  proposal  proposes  the 
design  and  construction  of  two  complete  mirror  cavity  structures,  one 
each  for  the  original  ITT  laser  and  for  the  ITT  spare  discharge  tube. 


SECTION  II;  BEAM  MOTION  STUDY 


The  purpose  of  the  beam  motion  study  was  to  determine  the  amount 
and  the  cause  of  angular  and  translational  motion  which  occurs  in 
the  Britt  Model  2000  laser  when  the  laser  is  placed  in  an  attitude  similar 
to  that  encountered  in  the  NASA  GBAA  System. 


A.  Angular  Deviation 

A Britt  Model  2000  laser  ( in  house  demo)  was  used  to  experimenatlly 
determine  a maximum  angular  deviation  of  approximately  .8  mrad, 
which  is  approximately  equal  to  one  beam  diameter.  The  angu  ar 
deviation  was  measured  with  the  laser  axis  in  a horizontal  plane,  while 
the  laser  was  being  subjected  to  a roll  of  ?60  degrees  about  its  axis. 
This  was  considered  to  be  the  worst  case  measurement. 


C-1 


The  experimental  apparatus  which  was  used  is  described  in  figure  1. 
It  consisted  of  a rigid  optical  rail  to  which  were  rigidly  mounted  a 
laser,  a focussing  lens  ( lens  1),  an  imaging  lens  ( lens  2)  and  a 
viewing  screen.  Figure  2.  illustrates  that  the  displacement  of  the 
focussed  spot  at  the  focal  plane  of  lens  1 is  due  only  to  angular 
deviation  of  the  incident  beam.  A linear  displacement  of  the  incident 
beam  does  not  result  in  a motion  of  the  focussed  spot.  The  angular 
deviation  of  the  incident  beam  is  related  to  the  displacement  of  the 
focussed  spot  and  the  focal  length  of  the  lens. 

© = 2:  -Sr 


The  imaging  lens  provides  a magnification  so  that  the  displacement 
can  be  measured  more  readily. 


B«  Lateral  Displacement. 

The  lateral  displacement  of  the  laser  beam  exiting  from  the  laser 
was  not  measured  directly.  The  lateral  displacement  of  the  laser 
mode  selecting  aperture  ( which  determines  the  beam  position)  was 
measured.  It  is  assumed  that  the  displacement  of  the  aperture  is 
coincident  with  the  displacement  of  the  laser  beam.  A maximum  dis- 
placement of  ,030  inches  was  measured  for  all  laser  orientations. 
Figure  3.  shows  the  apparatus  which  was  used  to  measure  lateral 
displacement.  The  aperture  inside  the  laser  cavity  was  imaged  onto 
a viewing  screen  by  a lens.  The  displacement  of  the  image  is  pro- 
portional to  the  motion  of  the  aperture. 

L=  MA 

where  M is  the  magnification  of  the  imaging  system. 


C.  Power  Variation 

The  laser  power  was  measured  simultaneously  with  the  beam  de- 
flection measurements.  The  power  varied  from  100%  with  the 
laser  upright  along  the  horizontal  axis,  to  approximately  0%  with 
the  laser  rotated  180  degrees  about  the  horizontal  axis. 

REPBODUCir';-  iTY  OF  T}-: 
ORIGINAL  i'ADl.  IS  POOR 
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LINEAR  DISPLACEMENT  OF  BEAM 


IMAGE  OF  LASER  MODE  SELECTING  APERTURE  ON 
image  of  SCREEN 


Figure  3. 


D.  Analysis  of  Results 


The  observed  angular  deviation  of  the  laser  beam  can  adequately  be 
accounted  for  by-assuming  that  the  laser  mirror  cavity  structure  is 
subject  to  bending  under  its  own  weight.  A calculation  of  the  magnitude 
of  the  bending  adequately  accounts  for  the  amount  of  power  variation 
which  is  observed.  The  lateral  displacement  of  the  beam  is  apparently- 
caused  by  a wide  tolerance  in  the  gimble  structure  which  allows  the 
mirror  yoke  to  rotate  slightly  as  a function  of  roll  orientation  about 
the  horizontal  axis. 

Figure  4,  illustrates  how  the  existing  mirror  cavity  structure  could 
cause  the  angular  beam  deflection  and  power  detuning.  The  existing 
structure  is  supported  near  the  ends  so  that  a bending  of  the  structure 
under  its  own  weight  will  cause  the  mirror  yoke  to  be  oriented  at  an 
angle  to  the  horizontal  plane.  In  practice,  the  mirrors  are  adjusted 
to  compensate  for  the  angle  c<  . However,  when  the  structure  is 
rotated  180  degrees,  the  bending  is  reversed  resulting  in  a tilt  of 
each  mirror  of  twice  oC.  in  the  wrong  direction. 

The  proposed  mirror  structure  would  have  the  support  p'oints  located 
in  such  a position  so  that  the  bending  angle  is  zero  at  the  mirror 
plane.  The  penalty  which  must  be  paid  is  a displacement  of  the  beam 
by  a small  amount.  This  displacement  is  in  practice  extremely  small 
and  can  be  made  smaller  by  decreasing  the  weight  of  the  entire 
Structure.  A rotation  of  the  proposed  structure  will  not  cause  an 
angular  misalignment  of  the  mirrors. 


Ill  PROPOSED  MIRROR  CAVITY  STRUCTURE  DESIGN 


The  results  of  the  study  indicate  that  a satisfactory  mirror  cavity  ’ 
struc  ture  would  designed.  It  would  consist  of  a considerably 
lightened  structure,  with  the  gimble s positioned  in  such  a way  to 
provide  a zerc  tilt  angle  at  the  mirror  plane,  and  with  a close  tolerance 
gimble  structure  which  will  not  be  subject  to  rotation  of  the  mirror 
yokes  about  the  mirror  support  tube  due  to  loose  tolerances. 

The  proposed  mirror  cavity  structure  will  be  subject  to  the  following 
specifications: 

t . , -V  - + 

I.  power  variation  due  to  orientation  changes  will  be  lees  than  - 10% 
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for  all  orientations 


I 2.  the  angular  deviation  of  the  output  beam  with  respect  to  the 

' laser  housing  will  be  less  than  . 3 mrad  for  all  orientations 

3,  the  linear  displacement  of  the  laser  beam  relative  to  the 

laser  housing  at  the  output  mirror  will  be  less  than  . 2 mm 

' . It  is  estimated  that  the  price  for  designing  the  mirror  cavity  structure 

to  meet  the  specifications  described  above,  for  constructing  two 
structures,  and  for  adapting  the  sti’uctures  to  the  IiT  laser  and  the 
ITT  spare  discharge  tube  is  $3,  335  FOB  Santa  Monica,  CA.  The 
estimated  completion  date  is  30  days  after  receipt  of  order. 


I 

1 


C-7 


4 ^ 


APPENDIX  D 


INVESTIGATION  OF  ELECTRO-OPTICAL  TECHNIQUES 

FOR 

CONTROLLING  THE  DIRECTION  OF  A LASER  BEAM 


INVESTTGATION  OF  ELECTRO-OPTICAL  TECHMIQUES  FOR 
COXTROLLING  THE  DIRECTION  OF  A LASER  BEAM 


The  development  of  the  piezoelectric-bender-mirror  (PBM)  deflector^  has 
made  available  a lightweight,  compact,  low-power  device  for  angular  positioning  of 
a laser  beam.  This  report  describes  the  design  of  such  a deflector  to  meet  the  needs 
of  a particular  optical  system  and  the  incorporation  of  a strain  gage  sensing  element 
and  related  circuitry  in  the  deflector  for  precise  monitoring  of  deflection.  A com- 
plimentary solid-state  high-voltage  deflector  drive  amplifier  has  also  been  developed 
which  will  hold  a static  deflection  with  a minimum  of  standby  power. 

The  objectives  of  this  program  called  for  the  development  of  a two-dimen- 
sional optical  deflector,  deflection  sensor  and  drive  amplifier  to  be  used  in  an  opti- 
cal radar  acquisition  and  traclung  system.  Deflector  performance  specifications 
were  generated  in  discussions  with  International  Telephone  & Telegraph  Federal 
Laboratories,  who  were  contracted  by  NASA  to  design  and  construct  the  optical  radar 
system  and  attendant  electronics.  From  these  specifications  the  deflector  design 
was  evolved. 

In  the  following  sections  an  approach  to  the  design  of  deflectors  to  meet 
specific  performance  requirements  will  be  outlined.  Implementation  of  strain  gages 
for  deflection  sensing  will  be  discussed,  including  techniques  for  applying  gages  to 
minimize  hysteresis  and  nonlinearity  effects.  The  circuit  design  and  theory  of  opera- 
tion of  the  deflector  drive  amplifier  will  be  detailed  and  performance  characteristics 
for  each  of  the  items  will  be  given. 


1 2 

In  previous  programs  ' the  PBM  deflector  was  analyzed  in  detail.  Erc- 
pressions  were  derived  for  mirror  deflection,  mechanical  resonance  frequency, 
milrror  distortion  and  electrical  equivalent  circuit  in  terms  of  the  material  constants 
and  deflector  geometrical  configuration.  These  expressions  are  used  here  to  obtain 
a set  of  design  curves  for  a particular  deflector  geometry.  The  curves  permit  a 


1.  "Investigation  of  Electro-Optical  Techniques  for  Controlling  the  Direction  of  a 

Laser  Beam,  " Interim  Report,  Contract  NAS8-11459,  GT&E  Laboratories  Inc 
Mayl2,  19G7.  *’ 

2.  "Investigation  of  Electro-Optical  Techniques  for  Controlling  the  Direction  of  a 

Laser  Beam,"  Interim  Report,  Contract  NASS-11459,  GT&E  Laboratories  Inc 
February  28,  1968.  “ 


rapid  determination  of  the  deflector  performance  boundaries  and  what  parameter 
tradeoffs  may  be  made  in  integrating  the  deflector  with  "he  rest  of  the  system. 

Development  of  Design  Curves  , ’ 

In  choosing  a deflector  design  the  parameters  normally  specified  are: 

• Beam  deflection  angle 

• Pupil  size 

• Resolution 

• Useful  bandwidth  . • 

• Maximum  voltage  requirements 

Other  secondary  but  important  considerations  are  capacitance,  mechanical  strength, 
mirror  flatness,  and  size.  The  formulas  which  define  each  of  these  quantities  show 
that  th6y  are  interrelated  and  that  specifying  certain  ones  also  fixes  the  others. 
These  formulas  have  been  derived  previously^’ ^ and  are  repeated  here  (see  Fig.  1): 

. Peak-to- peak  beam  deflection: 

<0  = 12bd„,  pE  (1) 

PP  ol  I 

Number  of  resolvable  spot  positions  peak-to-peak  at  wavelength  X: 

N = ^ ' (2) 

^pp  1.27X 

Mechanical  resonance  frequency: 


f = 21.9(10)* 
r 


(^1+1.46  (M’/m) 


= M [1+(t/L)^  + I2(h/L)  1 


Maximum  drive  voltage: 


V = ^ 
\ 2 
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pupil  size  for  light  beam  incident  at  45": 


Capacitance  of  PZT-4  transducer 


(5) 


C = 586^  [pF] 


where  (dimensions  in  inches) 

E = depoling  field  of  piezoelectric  material 
= 2,54  (10)*^  volts/inch  for  PZT-4* 

^31  ~ Pertinent  electromechanical  coupling  factor 
= 47  (10)”^^  inch/volt  for  PZT-4 

b = factor  varying  with  bender  construction  technique,  determined 
empirically  = 1.44  for  present  deflectors 

t - active  length  of  transducer 

t = thickness  of  transducer 

w = width  of  transducer 

m = mass  of  active  portion  of  transducer 
L = length  of  mirror 

W = width  of  mirror  ‘ ^ ' 

■ T = thickness  of  mirror 

, / 

M = mass  of  mirror  , 

M*  = effective  inertial  mass  of  mirror 

h = distance  of  mirror  c.g.  from  mirror  rotation  axis 


To  simplify  the  design  procedure,  a basic  dellector  geometry  has  been 
chosen  in  which  additional  relationships  between  the  deflector  dimensions  have  been 
assumed.  Some  of  these  choices  are  based  on  practical  experience  as  well  as 
theoretical  considerations. 


*A  piezoelectric  ceramic  material  made  by  Clevite  Corp, 
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The  mirror  thickness  has  been  taken  to  be  l/8  its  length  and  supported  at 
a point  about  0.6  of  the  distance  from  the  center  to  its  edge.  Prior  analysis  has 
shown  that  this  thickness  and  support  point  will  maintain  the  mirror  flatness  to 
better  than  X/lO  under  all  operating  conditions.  Consistent  with  this,  the  active 
transducer  length  will  be  approximately  one-half  the  mirror  length. 


An  important  factor  governing  the  mechanical  resonance  frequency  is  the 
ratio  of  mirror  mass  to  transducer  mass.  This  ratio  may  be  adjusted  to  improve 
the  resonance  frequency  without  affecting  the  other  parameters  by  making  the  trans- 
ducer wider  than  the  mirror.  Beyond  a factor  of  2 difference  in  widths,  however, 
this  approach  becomes  ineffective  because  the  transducer  ends  are  weakly  coupled 
to  the  center  and  begin  to  deflect  independently. 

Summarizing  these  assumed  geometrical  relations: 


• T = L/8  , 

i = L/2 
w = 2W 

C 

and  as  a practical  nominal  value  the  height  of  the  mirror  above  the  transducer  is 


taken  as: 


h = 0.5r  + 0.04L. 


♦ Using  these  relations  and  the  expressions  foj  deflection  angle',  resolution,  . 
resonance  frequency,  maximum  drive  voltage,  and  pupil  size  a set  of  curves  has 
been  generated  relating  the  different  quantities.  These  are  given  in  Figs.  2 and  3. 
The  range  of  frequency  extends  only  to  10  kHz  because  beyond  this  the  equation  for 
frequency  becomes  inaccurate.  The  curves  are  correct  for  a mirror  substrate  of 
fused  silica  and  resolution  is  given  for  light  of  0.5-micron  wavelength, 

• Figures  2 and  3 contain  the  same  information  presented  in  different  formats. 
Selecting  any  two  of  the  variables  automatically  determines  the  others.  One  pro- 
cedure for  using  the  curves  would  be  to  select  the  resonance  frequency  and  resolution 
thereby  determining  deflection  angle,  drive  voltage  and  pupil  size.  If  a square  pupil 
is  desired,  then  the  mirror  width  and  transducer  capacitance  are  also  determined. 

The  mechanical  strength  of  a deflector  tends  to  be  proportional  to  its 
resonance  frequency.  Designs  with  a higher  resonance  will  be  less  susceptible  to 
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. PEAK-TO-PEAK  beam  deflection  (degrees) 


0*iv^,MAXIMUM  DEAM  DIAMETER  ot  45"  INCIDENCE  (In) 
0.5  10  1.5  2.0  2.5  3.0  3.5 


0.5  1.0  1.5  2.0  2.5 

/.TRANSDUCER  ACTIVE  LENGTH  (inches) 

!'ig,  2.  Peak-to-peak  beam  deflection  is  plotted  against  bender  active  length 
or  deflector  aperture  with  resonance  frequency  and  peak  drive  voltage 
as  parameters.  ‘ " 
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RESONANCE  FREQUENCY,  f (Hr) 


1000 


RESOLUTION,  N,  in  DEFLECTED  SPOT  DIAMETERS 

Fig.  3.  Resonance  frequency  versus  resolution  with  peak-to-peak  deflection  angle 
as  a jiarameter.  Resolution  here  is  for  a Gaussian  beam  of  0,5  micron 
wavel  jngth  incident  at  45®. 


shoe..  and  e.ecMca.  ..nsUnt.  " 

r„,uencies  below  a few  hundred  cye.ee  is  not  recommended  ume  the 

incorporates  a means  tor  meohamcal  damping  of  the  mirror  tion. 

rvnector  Desirn  Meeting  System  Requirement 
- Zi;;:;:7mined  in  a liaison  meeting  with  ITT  personnel  that  a two-dimen- 
.rir  set  was  re.uired  which  would  -”0 

laser  light  through  ^^0  rd'eneotor  drive  signal  would  have 

frequency  should  be  a 01  e , , „.solid-state  denector  drive  ampli- 

appreciable  c^^  of  all  of  . 

r:;:L::::ien.s.  %«s  sa  a umit  ot . .0  vous 

which  could  be  provided  to  the  deflector  with  currentlj  a.ailable  g 
sisters, 

With  these  restrictions  the  values  f = 1300.  V = 500  were  used  with  F,g.  ^ 
•ne  " pupil  size  and  deflection  angle  of  0. 7 inch  and  1.  o3  degrees  respe 
r;  If  tl'defLctors  such  as  this  are  arranged  in  an  f/10  cone  of  .0  micron^ 

rgrspoTli^ocus.  d.  into  the  peah-to-peah  deflection.  S.  at  that  point. 


r sin  (D 


nn  (6  *2, 54)  (0.  Q2G6j _ ;^44  snot  dia. 

,/n  o..i  n n\  ^ 


N,  = T = •a.27H0.9xlO-a,UUl 


M = = 300  spot  dia. 

y d 

where  r is  the  distance  from  the  mirror  to  the  focal  plane. 

Figure  5 shows  a completed  one-dimensional  deflector  mounted  on  a base 
which  also  houses  the  strain  gage  preamplifier.  Below  are  listed  typical  charac- 
teristics  for  this  deflector  (Model  PBM-5); 

PBM-5  Deflector  Characteristics 

'c  . 1+rao-o  ±500  vclts  peak 

' Maximum  drive  voltage 

Beam  deflection  - ±0.  8 ceg 

Meclianical  resonance  frequency  ' 1300  Hz 

Input  pupil  size  at  45*  Incidence  x 0.7  inch 
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Capacitance 
Loss  factor 
”Q"  at  resonance* 

Mirror  distortion 
Mirror  reflectivity  at  0.  9 
Overall  size 
Weight  with  amplifier 

Figure  6 shows  beam,  deflection 
illustrating  the  inherent  nonlinearity  of  t 


0.  512  pF 
<0.  006 
10 

^ < >710 

''  99'7o 

1, '5'X  1.25  X 1.187  inches  ^ 

4.G0Z. 

srsus  voltage  for  a ty-pical  PBM-5  deflector 
piezoelectric  transducer  material. 


DEFLECTION  SENSING  WITH  STRAIN  GAGES 

The  investigation  of  various  techniques  for  monitoring  the  angular  position 
of  the  light  beam  from  an  optical  beam  deflector  during  previous  phases  of  this  con- 
tract has  led  to  the  consideration  of  strain  gage  sensors  fc  '’  use  with  PBM-type 
deflectors.  The  cantilevered  piezoelectric  bender  which  drives  the  mirror  lends 
itself  naturally  to  the  use  of  strain  gages  for  sensing  the  amount  of  bending  which 
takes  place  with  the  application  of  deflection  signals.  These  strain  gages  are  resis- 
tive elements  whose  resistance  is  a function  of  strain.  Since  the  angle  made  by  the 
end  of  the  cantilevered  beam  is  proportional  to  the  integral  of  the  strain  along  either 
of  its  surfaces,  a strain  sensing  element  placed  along  this  surface  gives  a direct 

reading  of  angular  deflection.  This  tedmique  offers  the  possibility  of  a simple,  com- 

3 

pact,  reliable  deflection  sensing  system  with  resolutions  exceeding  one  part  in  10  . 

A typical  installation  uses  two  gages  on  each  transducer,  one  for  the  upper 
surface  and  another  on  the  lower  surface  of  the  bender,  with  the  sensing  signal  de- 
rived from  a bridge  circuit,  as  shown  in  Fig.  7.  As  the  transducer  bends,  the 
resistance  of  one  gage  increases  while  the  other  decreases,  resulting  in  an  output 
twice  that  of  a single  gage.  An  additional  advantage  in  this  ty-pe  of  circuit  is  that  it 
may  be  manipulated  somewhat  to  compensate  for  nonlinearity  and  temperature  sen- 
sitivity in  the  gages. 

Two  basic  types  of  strain  gages  exist,  the  wire  or  foil  gage  and  the  semi- 
conductor gage.  The  greatest  distinction  between  the  two  is  that  the  semiconductor 
gage  can  tiave  from  25  to  85  times  the  sensitivity  of  the  metallic  gage.  When  taken 
in  relation  to  the  strain  sensitivity,  -nonlinearity  and  temperature  coefficients  for 


STRAIN  GAGES  MIRROR 


BENDER 

TRANSDUCER 


V 


(a) 


(b) 


Fig.  7.  Strain  gages  for  sensing  bender  deflection  (a)  are  located  on  two  sides  of 
the  transducer  and  (b)  use  a bridge  circuit  to  detect  resistance  changes. 
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both  gages  are  comparable,  ’This  makes  it  advantageous  to  use  the  semiconductor 
gage  for  small  strains  where  maximum  resolution  is  desired,  since  its  larger 
output  yields  a better  signal -to-noise  ratio.  For  this  reason  exclusive  use  of  the 
semiconductor  gage  has  been  assumed  in  the  following  sections. 

Certain  problems  exist,  in  attempting  to  use  the  strain  gage  as  a precision 
strain  transducer,  which  nre  associated  with  the  basic  characteristics  of  the  gage 
itself  and  its  relation  to  the  substrate.  The  following  may  lead  to  inaccui'acies  in 
the  strain  measurement: 

• Difference  in  the  zero-strain  resistance  between  gages 

• Difference  in  the  gage  factor  between  gages 

• Variation  in  gage  resistance  with  temperature 

• Variation  in  gage  factor  with  temperature 

• Prestressing  gages  during  bonding  operation 

• Difference  in  thermal  expansion  coefficient  between  gage  and  substrate 

•-  Nonlinearitj'  in  gage  resistance  as  a function  of  strain 

• Hysteresis  and/or  creep  in  the  bonding  material 


. The  following  sections  outline  some  techniques  for  minimizing  these  prob- 

lems to  obtain  the  best  possible  accuracy  and  resolution  from  a strain  gage  installa- 
tion of  this  tj^e.  ^ . 

Analysis  of  Basic  Strain  Gage  Circuit 


It  is  useful  to  have  a complete  expression  for  the  strain  gage  bridge  output 
in  which  the  interrelationship  and  function  dependence  of  the  various  parameters  is 
made  explicit.  The  derivation  of  the  output,  ^ - Eg,  due  to  variations  in  the 

gage  resistances^ and  is  a straightforward  circuit  calculation;  it  will,  how- 
ever, .be  complicated  slightly  here  by  taking  into  account  the  imperfect  matching  of 
the  two  gages  in  the'  mounted  condition.  After  the  gages  are  mounted,  it  is  likely 
that  there  will  be  a residual  strain  or  strain  offset  in  each  gage  due  to  shrinkage  in 
the  bonding  agent  and  to  the  difference  in  contraction  between  gage  and  the  substrate 
upon  cooling  from  the  epoxy  cure  temperature.  If  the  residual  strain  in  each  gage 
Is  not  identical,  the  gage  characteristics  are  no  longer  matched  point  for  point.  It 
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will  be  shown  that  the  bridge  output  then  contains  extra  nonlinear  terms,  which  are 
a function  of  residual  strain  and  non-matching  gage  factors,  that  must  be  kept  small 
by  careful  mating  and  mounting  of  the  gages. 

The  gage  resistance  as  a function  of  strain,  €,  is  approximated  quite 

well  by 


= R a + F c + c 

a oa  ' a a ^nh 


a a 


a a' 


(7) 


Where  is  normally  given  as  the  gage  factor,  is  the  nonlinearity  coefficient, 
is  the  zero  strain  resistance, 

'1 

The  gages  which  are  being  used  in  this  application  have  been  chosen  such 
that  their  temperature  coefficient  of  gage  factor  is  zero.  Tliis  occurs  in  germanium 
gages  at  an  impurity  level  of  about  10^“.  At  this  point,  although  the  gage  factor  is 
down  to  45,  the  nonlinearity  of  resistance  with  strain  over  a range  of  c = ±10"^  has 
been  decreased  to  0.01  percent.  Gages  of  this  material  with  a resistance  of  50  ohms 
have  been  acquired  from  Kulite  Semiconductor  Products,  Inc. 

c 

Over  the  range  of  strain  c = which  the  gage  will  operate,  this 

nonlinearity  is  at  least  an  order  of  magnitude  smaller  and  may  be  neglected  in  sub- 
sequent calculations.  The  resistance-strain  relationship  reduces  to 


K „ (1  + F e ). 
a oa  ' a a' 


(8) 


The  total  strain  seen  by  each  gage  is  the  sum  of  the  bender  induced  strain, 
and  the  residual  strains  and  Cg,  i.e.. 


^b  ^2  “ ^0* 


(9) 


Prom  this  the  resistance  of  each  gage  may  be  written 


as 
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«a  = “oa  <1  *'a  "l  'o>  = “oa  <'‘l  ^ ^a 


«b  = «ob  <1  ■"  *'b '2  - *'b  V “ “ob  <'■2  ' ^0 ‘0>’  <‘®> 

; . / 

where  r and  r.,  are  factors  which  incorporate  the  effects  of  residual  strain. 

1 2 

If  the  bridge  circuit  is  to  be  balanced  such  that  = Eg  for  zero  induced 
strain,  and  Rg  must  be  adjusted  such  that 


= k = 


^ob*^2 


Referring  to  Fig.  7,  ‘:he  expression  for  the  voltage  across  may  be  written  as 


^1  = VR;-  ° ''Ri  + Roa<^i^Vo>  ^ 


R „(r, +F^C_) 
oa  1 a 0 


l^*'a'o/‘’l 


Since  F expression  for  may  be  expanded  in  terms  of  Cq, 

neglecting  terms  beyond  second  order: 


_ V . . ^a  ^ ^2 

" k + 1 ^ S r^(k  + l)  “ ^0 


rJ  - 

V 1 / ^ 


k 

(k+iy^  • 


Similarly  for  Eg 


*^2  = 


*'a 

*'1 


2/*’at 


(k  + 1)  0\rj  j (I5  + 1) 


where  the  difference  in  the  two  gage  factors  F^  and  F^  due  to  manufacturing 
tolerances  has  been  represented  as 


Fb  = "a  • 


The  bridge  output,  AE,  may  now  be  computed  from 


1 
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iE  = Ej-Ej  = 


, 4 

Nonlineai:ity  in  the  output  versus  strain  due  to  the  last  term  in  the  brackets 
results  when  either  r, , r^  or  f is  not  unit}'.  In  the  present  application  the  variations 
In  gage  factor  and  base  resistance  are  set  by  manufacturing  tolerances  and  the  strain 
offset  is  a function  of  the  gage  bonding  technique.  Using  the  following  values  as  t>T3i- 
cal,  the  percent  nonlinearity  may  be  calculated: 


F,  = 45 

a 

f = 1.01 


/x  A. 

v^2 " ^1 


= 1.02 

Tf.  - 0.98 


Cq  = ±10- 

k = 1 


i 1.12  (10)“'^  = i 0.0112%. 


This  error  is  an  order  of  magnitude  less  than  the  accuracy  called  for  in  this  applica- 
tion. Therefore  if  reasonable  tolerances  on  the  gage  factor  and  strain  offset  are 
maintained,  these  factors  will  contribute  negligibly  to  strain  gage  readout  error. 

I I 

In  Eq.  (16)  the  temperature  dependency  of  appears  in  the  factor  con-  ‘ 
taining  k.  In  terms  of  this  factor  becomes 

Oa 

• k . 

(k+1)^  (R„a+Rl) 

with  a temperatime  dependency  of  the  form 


A f—JS— 

(k-l)= 

L J 


^oa  p ^1  ~ ^oa 

' <«ltRoa> 


As  can  be  seen  when  = R^^  the  temperature  coefficient  is  zero, 
. Typically  R^  - R^^  ^ 2^  R^  = 50,  = 0. 117  ohms/“C  and 


L.7  (10)" Vc. 
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Although  the  gage  temperature  coefficient  of  resistance  is  quite  large,  the  effect 
on  bridge  sensitivity  is  small.  However,  due  to  this  large  temperature  coefficient, 
care  must  be  taken  to  maintain  the  gages  at  the  same  temperature,  A temperature 
di^erence  of  0. 002°C  between  the  gages  causes  a bridge  output  equivalent  to  a strain 
difference  of  10  .If  the  maximum  strain  is  10  ',  this  is  an  error  of  one  part  in 
10  • The  minimizing  of  differential  temperature  between  the  gages  is  a problem 
which  must  be  considered  more  thoroughly  in  subsequent  work  with  strain  gage 
sensors. 

Practical  Aspects  of  Deflector  Strain  Gage  Instrumentation 

One  of  the  most  important  factors  governing  the  ultimate  performance  of  a 
strain  gage  transducer  system  is  the  quality  of  the  gage  installation  on  the  stressed 
substrate.  This  is  especially  true  for  semiconductor  gages.  Since  they  are,  ideally, 
mbnocrystalline  filaments,  the  isolated  gages  behave  in  a perfectly  elastic  manner 
under  stress,  with  no  plastic  region  at  temperatures  below  500 '’C,  Thus,  any  hys- 
tereses  or  creep  in  strain  gage  installation  is  generally  a function  of  the  gage  bonding 
material  or  the  stressed  structure  and  is  exhibited  as  a phase  shift  between  the  gage 
output  and  the  mirror  motion. 

To  minimize  these  effects,  it  is  necessary  to  have  the  strain  gage  in  as 
intimate  contact  as  possible  with  the  bender  surface,  while  still  maintaining  good 
electrical  insulation  from  the  surface  electrode.  Use  of  gage  tj^jes  without  (the 
sometimes^  incorporated)  inert  backing  material  is  advisable  for  this  reason  as  well 
as  for  the  purpose  of  introducing  the  least  amount  of  restraint  on  the  piezoelectric 
bender.  Isolation  between  the  gage  and  the  bender  electrode  may  be  obtained  by 
initially  coating  the  bender  with  a thin  layer  of  the  bonding  agent  or  with  an  evaporated 
dielectric  material.  The  gage  is  then  attached  over  this  layer  and  may  be  held  as 
close  as  a few  microns  from  the  substrate.  , 

The  choice  of  bonding  cements  for  the  gage,  as  well  as  for  the  bender  as- 
sembly, must  be  carefully  considered  in  the  light  of  the  foregoing  requirements. 

The  cement  should  have  low  viscosity  at  room  temperature  to  promote  the  formation 
of  thin  films  and  allow  maximum  squeeze-out  under  pressure.  If  filled,  the  particle 
size  should  be  less  than  a few  microns.  A thermo-setting  cement  of  the  epoxy  family 
Is  preferred,  where  nearly  complete  polymerization  can  be  obtained.  It  is  then  that 
the  most  stable  reaction  products  are  formed  and  maintained  over  the  working  tem- 
perature range  of  the  bond,  A cement  has  been  found  which  appears  to  meet  these 
requirements,  and  with  it  acceptable  gage  installations  have  been  made. 


Experiments  have  shown  that  the  strain  along  the  entire  length  of  the  bender 
element  must  be  sensed  with  gagas  to  obtain  a true  measure  of  deflection.  In  some 
experimental  models  driven  at  below-resonance  frequencies  commensurate  with  the 
first  mechanical  resonance  of  the  bender,  deflections  of  the  mirror  were  taking  place 
which  were  not  being  registered  by  strain  gages  covering  only  30  percent  of  the 
bender  length.  Evidently  a small  component  of  deflection  at  the.  resonance  frequency 
was  being  excited  by  harmonics  of  the  drive  signal.  At  natural  resonance  the  curva- 
ture of  the  deflected  bender  is  slightly  different  from  that  of  an  electrically  driven 
bender  below  resonance.  This  change' in  curvature  is  only  partially  registered  by 
the  less-than-full-length  strain  gage,  and  this  results,  in  anomalous  behavior  of  the 
slensor  output  compared  with  actual  deflection.  When  the  gage  runs  the  full  length 
of  the  bender,  the  inactive  ends  of  the  gage  (where  the  leads  are  attached)  fall  on  • 

*»  >/ 

Inactive  (imelecti  oded)  portions  of  the  bender.  With  this  arrangement,  full  strain  , | 
is  transferred  to  the  gage,  end  effects  are  minimized,  and  the  bender  experiences 
a uniform  load  along  its  length.  The  gages  used  on  the  PBM-5G  deflector  are  25 
percent  longer  than  the  electroded  portion  of  the  transducer. 

Any  angi’lar  motion  of  the  mirror  not  directly  associated  with  bending  of 
the  piezoelectric  transducer  will  cause  a deflection  of  the  light  beam  which  is  not 
registered  by  the  strain  gages.  This  can  occur  if  the  mirror  is  not  rigidly  attached 
to  the  bender  or  if  the  bender  anchoring  structure  either  is  too  compliant  or  has 
structural  resonances  below  the  deflector  resonance  frequency.  It  was  found 
necessary  to  cement  the  end  of  the  transducer  in  a slot  in  the  mirror  to  obtain  rigid 
coupling  between  the  mirror  and  transducer  to  eliminate  this  source  of  deflection 
readout  error  in  *he  PBM-5G  design. 

Gage  installation  on  the  PBM-5G  deflector  has  evolved  to  the  following 
procedure:  The  piezoelectric  transducer  is  prepared  by  lapping  the  surfaces  with 
a 0,9  micron  abrasive  before  evaporating  on  nickel  electrodes.  Two  stripes  of 
sapphire  2 microns  thick  are  evaporated,  one  on  each  side,  down  the  center  of  the 
transducer  perpendicular  to  the  deflection  axis.  These  isolate  the  gage  from  the 
nickel  electrode,  A gage  is  then  cemented  to  each  side  of  the  transducer,  on  the 
sapphire  stripe,  with  BR610*  cement  under  a pressure  of  15  Ib/in  , following  the 
cure  recommendations  of  the  manufacturer, 

*W,  T,  Bean,  Inc.,  Detroit,  Mich. 
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strain  Gage  Porformanop  Characteristics 

The  foregoing  procedure  has  led  to  successful  gage  installations  in  wluch 
and^ystJsis  phase  shift  error  were  less  than  one  part  in  10  to  beyond  300  , 

r ™s  U ustrated  in  Fig.  8.  where  phase  shift  error  is  shown  in  eoni^cUon 

with  the  deflector  resonance  curv  . leakage  paths  between  the  gage 

tr;;  “ - 

sti'ain  gage  briage,  u aipTnpnt  This  is  impor- 

and  ground  sWfts  the  bridge  balance  ^ | 

several  new  teclud,ues  are  now  „ 

r;::sue:"^^^^^  .geslMch  Shomd  «a.tain  the  low  hysteresis  al- 
ready  achieved  and  eliminate  leakage,  • 

ri“::l"  --  -e  Unearity  or  tetnperaba.  sens.... 

"s  good  reason  to  espect  ouite  linear  operation  due  to  the  inherent  Unear  ty  of  1 
a,e  gages  themselves  and  the  small  range  of  strains  encountered, 

■ generated  in  the  gage  by  the  transducer  was  measured  at  ±100  aO)  me  ^ m . 

Strain  Gage  Preamplifier 

The  strain  gage  preamplifier  is  a general-purpose  operational  amplifier 
designed  for  low  quiescent  power  and  low  noise.  A functional  schematic  diagram  is 

..  V. “ “-irr'T  - . 

bridge  circuit  made  up  of  R,  and  the  two  strain  gages.  Resistors  R R^  5 

provide  an  adjustment  to  obtain  a balanced  bridge  since  the  gage  aero  strain  resis, 
C can  var  by  as  much  as  ±2  percent.'  The  bridge  circuit  is 
With  20  mA  current  in  each  gage.  Resistors  R,.and  R,  are  larger 
balancing  resistors  and  thus  would  be  most  sensitive  to  temperature  effects  Th 
’ resistors  are  ultra  stable  eermat  types  matched  to  0. ppm/'C  over  a ® ^ 
•ture  range.  Gage  currents  in  the  range  of  20  m A are  used  to  “ 

the  strain  gages.  For  the  50-ohm  gages  used,  this  current  is  developed  for  2.2 
■ volts  on  the  bridge  circuit,  resulting  in  a dissipation  of  about  1.  . wa  s pe 
inch  of  gage  surface. 
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i ’ ’ 1 

I The  amplilier  has  a nominal  gain  of  137. 5 and  a nominal  bandwidth  of 

?|  38  kHz.  Under  no-load  conditions,  it  can  deliver  3.0  volts,  p-p  or  2.8  volts,  p-p, 

I with  fi  10-kilohm  load  provided  the  amplifier  is  biased  with  a 1-volt  common  mode 

I voltage.  For  a peak  strain  in  the  order  of  10  ^ inch/ihch,  the  output  of  the  ampli 

i fi^r  will  not  exceed  1 volt  so  that  a load  of  somewhat  less  than  10  kilohms  could 

I — probably  be  used.  Since  the  output  swing  is  small,  the  power  supply  voltage  can  be 

Ij  Ijept  low  (±3  volts)  to  improve  stability  and  maintain  low  dissipation.  Although  each  , 

[;  amplifier  and  strain  gage  readout  must  be  calibrated  as  a unit,  -the  nominal  output 

6 ■ per  resolvable  spot  for  the  system  at  0,9  micron  is  11.5  mv, 
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CONCLUSIONS 

Enough  is  row  known  theoretically  and  practically  about  the  PBM-typc 
deflector  to  allow  a deflector  to  be  designed  on  paper  with  a fair  degree  of  confidence 
that  the  predicted  cl.aracteristics  can  be  achieved.  This  is  especially  true  for 
resonance  frequencies  no  greater  than  a few  thousand  hertz,  above  which  the  approxi-  > 
mations  made  in  the  mathematical  model  become  increasingly  crude. 

The  concept  of  using  strain  gages  to  accurately  measure  th  induced  strain 
in  a bender  transducer  and  thus  monitor  mirror  deflection  has  been  shown  feasible, 

i *3 

Sensing  of  deflection  to  an  accuracy  of  one  part  in  10  • up  to  300  Hz  without  hysteresis 
has  been  accomplished  with  a PBM-5G  deflector.  With  its  integral  preamplifier,  the 
s^ain  gage  sensor  provides  a simple  and  rugged  means  for  deriving  a signal  propor- 
tional to  beam  deflection.  Certain  problems  related  to  the  gage  bonding  technique 
have  made  it  difficult  to  produce  consistently  good  gage  installations,  free  of  leakage 
to  the  underlying  electrode.  It  is  expected  that  these  vnll  be  remedied  in' the  near 
future. 

^ ^ V 

With  the  proper  choice  of  peak  deflector  drive  voltage  it  has  been  possible 
to  design  a completely  transistorized  direct  coupled  deflector  drive  amplifier.  A 
unique  circuit  approach  to  the  problem  of  driving  a capacitive  load  has  reduced 
the  quiescent  power  consumption  of  the  amplifier  without  sacrificing  frequency  re- 
sponse or  maximum  power' output.  These  features  will  be  most  important  in  space- 
borne  applications  of  this  unit. 

Combined  with  strain  gage  deflection  sensing  the  PBM-type  deflector  system 
appears  to  be  the  most  compact,  versatile  and  efficient  way  of  deflecting  a laser  beam 
at  frequencies  within  the  audio-frequency  range. 
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unilormitv.  The  values  listed  iii  c for  best  uniformity. 

2.  Dvnodc  V is  ndju.nlcd  for  maximum  gaiu  or  for  gam  calibration. 
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The  stmidard  lua,inous  sensitivity  is  the  response  of  the 
(in  nicroatnperes  per  lumen)  tO  a tungsten  lamp  operating  at  a870  K.  Th 
«rious  numbered  Lnsitivities  are  the  response  of  the  phot^athode 
when  Corning  filters  (filter  numbers  are  .our  digits;  ,, 

digit  numbers  in  pironthesos  are  a color  specification  number) 
stwlc  thickness  are  interposed  between  the  2S70  K lamp  and  1"=  Ph 
cathode.  Plotted  above  are  the  transmittance,  in  percent,  of  ide 
filters,  and  the  spectral  distribution,  in  relative  units,  of  2b/U 
tungsten.  Also  shovm  are  the  photopic  eye  response  and  the  transmissijsn 

of  a VJratten  ill2  filter. 
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APPENDIX  F 


ANALYSIS  OF  WINDOW.  SAG  EFFECTS 

/ - ■ 

This  section  presents  a brief  analysis  for  the  optical  tolerance  ; 

requirements  on  components  external  to  the  AOCP. 

The  effects  of  external  windows  and  mirrors  on  the  resolution  of*  , 
the  aircraft  carried  AOCP  system  will  be  discussed  here.  The  present  ; 

plan  is  to  include  two  windows  and  a mirror  in  the  optical  train  between  , .. 

. ‘j.j. 

the  AOCP  and  the  atmosphere,  as  illustrated  in  Figure  F-1.  The  first 
window  is  5 Inches  in  diameter.  This  component  is  used  as  a pressure 
seal  for  the  experinient  enclosure  containing  the  AOCP.  The  mirror 
(about  10"  X 4.  5")  is  mounted  in  a gimbal,  and  is  used  to  direct  the 
field-of-view  of  the  AOCP.  The  second  window  (27"  diameter)  serves  as 
an  aperture  and  wind  seal  in  the  aircraft  skin.  An  optical  tolerance  budget 
must  be  shared  by  aU  three' of  these  components. 

Tolerance  Budget.  - ITT  intends  that  the  AOCP  system  have  better  than 
2 arc  second  resolution,  and  consequently,  the  upper  limit  on  the  optical 
tolerance  budget  is  quite  small.  It  is  unreasonable  to  expect  that  this 
budget  be  shared  equally  by  all  three  components.  The  fine- inch  window 
• can  and  should  be  constructed  to  more  exacting  tolerances  so  as  to  relieve 
the  performance  requirements  on  the  mirrer  and  larger  wind  seal  window. 
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AOCP,  WINDOWS,  AND  MIRROR 


Figure  F-1.  AOCP,  Windows,  and  Mirror 
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We  establish  here  a total  tolerance  budget,  e , based  on  the 
deviation  from  a plane  that  a lightwave  (4  inch  diameter,  0. 5 micron)  will 
suffer  in  passing  through  the  three  elements.  This  tolerance  (peak -to -peak) 
is  set  at 

e.  <■  ^ = 0. 25  microns, 

X A 

* 

Since  tolerance  errors  are  of  a statistical  nature,  we  will  accept  here  a 
vector  sum  for  establishing  the  error  budget.  Consequently, 

2 2 2 2 

®t  " *1  ®2  ""'S  • W 

Each  of  the  terms  above  represents  peak-to-peak  wavefront  distortion  i.  e. 
deviations  from  a plane  wave. 

e^  is  the  distortion  caused  by  the  5 inch  window, 

;-e_  is  the  distortion  caused  by  the  gimballed  mirror, 

e^  is  the  distortion  caused  by  the  ^^^nd  seal  window  in  the 

aircraft  skin. 

Distortion  in  a wavefront  is  of  course  caused  by  both  inhomogeneities  in  refractive 
index  and  nonplanar  surfaces. 

If  we  consider  the  5 inch  pressure  seal  window  to  induce  a wavefront 
distortion  no  greater  than  \/5  ( no  mean  assumption  considering  its  stress  and 
environment),  the  remaining  error  budget  must  be  shared  by  the  gimballed  mirror 
and  Large  window.  Sharing  these  tfr-^raiices  equally, 

that 

2e^  =e^  - e^^  = ( l/4  - 1/25)^ 

resulting  in  e M 0.325  X. 


^2  “ ®3  = we  see 


(2) 
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Mirror  Flatness 

’ This  tolerance  value  of  0.325  \ is,  for  the  gimballed  mirror,  a fairly  tight 

limit  as  we  might  expect  for  a high  resolution  system.  For  an  example  we  can 
calculate  the  specified  mirror  flatness,  Since  a mirroi  induces  a wavefront  distortion 
of  twice  its  surface  figure,  the  portion  of  the  mirror  reflecting  the  4 inch  wide  beam 
miust  be  liat  to  e/2,  or  0. 1025  \ . hi  addition,  if  the  mirror  is  used  at  an  incident  angle 
of  6,  this  tolerance  must  be  decreased  by  cos  0.  Hence,  for  an  average  incident  angle 
of  45°,  the  mirror  should  be  flat  to  0. 1625  \ over  a 4 VT  inch  diameter  area.  This 
• surface  tolerance  does  not  include  any  allowance  for  mirror  bending  caused  by  its  rotation 
and  the  effects  of  its  own  weight.  - - • , 


Wind  Seal  Window  Sag 

The  large  window  in  the  aircraft  skin  has  not  only  two  possible  surface 
irregularity  tolerances  but  a homogeneity  and  a sag  tolerance.  These  must  add 
tq;)  to  less  than  0.325\  . We  can  consider  first  how  much  of  this  tolerance  is  used 
up  by  the  sag  of  the  window  under  its  own  weight.  The  sagitta  of  the  circular 
window  is  given  by  the  equation  (see  Fig.  2y 

y=kw/(Et^‘*  p, 

which  describes  an  unconstrained  plate  with  uniform  loading.  In  the  last  equation 

• y is  the  center  sag  inches  j 

• kis  an  empirical  constant  j 

• w - factor  describing  weight  of  window  (psi) 

• E = modulus  ^si)  ^ 

• t = window  thickness  (inches) , ' , 

For  the  fused  silica  window  being  considered  In  our  application, 

T * 27/2  = 13.5  inches^ 

t » 1,75  inches, 

E *=  1 05  X 10*^  Dsi  op 

k = 0.69G  . 

W - .08  X 1.75  = .14  psl  , I 
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Hence: 


y (.690)  (.  14)  (13. 5/  (1.07  x 10*^  x 1.75^)‘  ^ 
-4 

y = 0.575  X 10  inches  , 


!Hie  radivs  of  curvature  R caused  by  this  sagy  is  given  by  the  sagitta 


formula 


R = + r^)  (2  y)~^  « r^/2  y 


m 


We  assume  here  (with  less  than  50%  error)  that  both  sides  of  the  window  Ijave  the 
same  curvature.  The  focal  length  f.  of  a thick  lens  with  equa  l radii  R is  given  by 

f =nR^  (h-l)“^t"\  * . 


Tills  focal  length  f is  also  the  radius  of  curvature  of  the  wavefront  after  passing 

through  the  window.  For  a beam  of  diameter  D.  the  peak-to-peak  wave  dexiation 
from 'a  plane  is  given  by 


8nR 

s.  D (h~l)^  ty  _ (h-1)^  kw 

4 z * C^) 

2 nr  2nEt^ 

Tlie  last  equation  relates  peak-to-peak  wavefront  distortion  to  window  sagy, 
window  thickness  t,  refractive  index  n,  beam  diameter  D,  and  xvindow  semidiameter 
r.  For  our  particular  case,  D 4 inches  and  n = 1.46. 


Hence: 


..  iS  (.461 


2 (1.46)  (13.5) 


=.  0.612  X 10  y 


I’or  y 0. 57o  x 10  inches,  e = 0.  35  x lO"®  inches  X / 6000,  a negligible 
amount.  Hence  we  may  place  all  the  optical  tolerance  on  the  window  surface  quality. 


* t 
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^„e  0. 32S  X tolerance  must  be  shared  by  both  window  surface!. 

«.e  tolerllce  may  he  specified  in  different  ways  a ooording  as  to  Low  the  window 

,nt  be  tested.  If  each  surface  is  to  be  tested  independently  we  may  specify  the  mamu.um 
aUovmblo  de^datiens  cf  each  surface  from  a flat  plane.  This  method  however  indicates 
a more  stringent  requirement  tl>an  necessary  (by  about  40%)._  b,  this  case  we  hope  for 
rMidom  errors  of  the  two  surfaces  so  that  we  have  the  condition 


2 2 
(.325  X)  >2e^ 


e < 
s 


,23X 


The  allowable  surface  deformation  is  e/fri-1).  which  for  a refractive  index  n of 
1.45  anrounts  to  X/2  over  the  beamwidth.  As  was  mentioned  before,  if  the  wmaow 

flatooBS  test  ia  made  with  Haldlnger-9  fringes  Instead  of  Flzean  fringes,  a more 


lenient  tolerance  can  be  observed. 

This  seoUon  investigated  the  first  order  effects  of  wind  seal 

window  sag  oa  the  AOCP  system's  resolution.  Wavefront  distortion  caused  by 

the  window  sag  under  its  own  weight  was  found  to  be  negUgible.  A few  surface 

optical  tolerances  were  also  calculated.  However,  these  tolerances  should  be 

consldered.only  suggestions,  since  the  error  budget  must  J,e  shared  by  a number 


; of  components. 
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